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PREFACE

This bulletin is one of a series dealing with the various aspects
of hydrology and hydraulics involved in military operations and with
the techniques and methods of analysis which are considered most
suitable for army use. A number of these techniques wexre developed
in the course of Research and Development Project No. 8-97-10-003,
assigned to the U. S. Army Engineer District, Washington on 14 March
1951 by the Chief of Engineers. Printing of this bulletin was
authorized by the Office, Chief of Engineers, on 9 May 1957.

Mr. A. L. Cochran of the Office, ‘Chief of Engineers, formalated
the objectives and scope of this bulletin. Messrs. W. B. Craig and
J. T. Gay of the Military Hydrology R&D Branch, U. S. Army Engineex
District, Washington, prepared the bulletin under the supervision of
Mr. R. L. Irwin.
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SUMMARY

Data necessary for the solution of hydraulic problems encountered
in military hydrology are scattered throughout engineering liter-
ature. While most engineering manuals and texts are concerned with
features of design, the military hydrologist is primarily concerned
with the functional analysis of existing structures. This hand-
book, therefore, attempts to assemble hydraulic information useful
to the military hydrologist, and to explain the methods used in
solving some of the hydraulic problems of military hydrology.

The material presented in this bulletin has been selected from
hydraulic data found in the publications of various technical
societies, engineering textbooks, and from the results of hydraulic
research and field observations.

The equations and methods presented are intended to give results
within the degree of accuracy required for military hydrology pur-
poses. It is fully recognized that equally satisfactory and
accurate results may be obtained by the use of formulas and data
other than those presented. The methods of computation described
herein may be shortened if expediency warrants by substituting
experience and engineering judgment for the detailed computation
procedures, thereby reducing the time of computation. The bulletin
does not cover the entire subject of hydraulics and will not make a
qualified hydraulic engineer out of the individual soldier.

This bulletin is of a tentative nature, designed to make available
to the armed forces such useful information as could be compiled in
a prescribed period of time. It is believed the bulletin offers to
military agencies useful information in military hydrology that can be
incorporated in standard operating procedures. The use of this
bulletin under field conditions will point up deficiencies and
provide a basis for determining the requirements for a final manual.
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CHAPTER I
INTRODUCTION

SECTION A: INTRODUCTORY STATEMENTS

1. Purpose. The purpose of this bulletin is to present in convenient
form a hendbook of hydraulics, useful in the solution of problems pertinent
to military hydrology.

2. Scope. This bulletin contains a brief review of the fundamental
principles of hydraulics and the application of these principles to the
analysis of specific hydraulic stri which are d in mili-
tary planning and field operations of modern warfare. The types of
structures considered include canals, levees, culverts, and high or low
head dams with gated or ungated spillways and outlets. Useful data are
assembled in tabular and graphic form to reduce the labor of computation
and expedite the work in the field. .

3. Arxangement. a. The bulletin is generally divided into two parts.
Chapters 1 tk h V p the fund. tal principles of hydraulics.
Chapters VI through IX outline the hods used in d iping the dis-
charge rating curves for specific hydraulic structures. The arrangement
is as follows:

Chapter 1 Introduction
Chapter II Orifices, Tubes, and Culverts
Chapter III Weirs
Chapter IV Pipe Flow
Chapter Open Channels
Chaptexr VI Spillways
Chapter VII Navigation Dams
_ Chapter VIII Reservoir Outlet Conduits
Chapter IX ‘Headwater Control

b. Paragraph numbering is consecutive throughout the entire
bulletin.

c. Plates are numbered with a three-digit system; the first
numbex ds to the chap number, the last two represent the
plate sequence number withia the chapter. Where a plate congists of
several sheets, these are designated by capital letters following the
plate number. For example, Plate 205Ais the first sheet of the fifth
plate of Chapter II. The plates for each chapter are assembled at the
end of the chapter concerned.

d. All references in each chapter are assembled at the end of the
chapter d. The r are b d tively in each
chapter starting with reference number /1/. The reference numbers appear
ir the text and refer to the reference numbers at the end of each chapter.
Associated Military Hydrology publications are listed in Appendix C at
the end of this bulletin.

: CIA-RDP81-01043R002300060004-2
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SECTION B: HYDROSTATICS

4. Application of Hydrostatics. The calculation of the magnitude,
direction, and location of the total forces on a submerged surface,
is essential to solving many problems encountered in military hydrology.

5. Pressure Variation in Steady Uniform Flow. a. Under conditions

of steady, uniform flow a liquid does not accelerate in any direction
and the sum of p + 2 equals a constant:

P+72=C (1-1)
where:
a constant of integration
specific weight
elevation of a fluid element above a datum plane
preasure intensity of the fluid at elevation 2

TNy

[}

b. This indicates that the sum of the pressure and 2Z will be the
same at all points within a fluid which undergoes no acceleration. Since
the pressure can vary orly if # Z varies, it follows that under con-
ditions of zero acceleration, the pressure intensity will have the
same magnitude at all points of equal elevation in the same fiuid.

Also the pressure will increase from point to point in a fluid by an
amount equal to the corresponding decrease in 7 Z or vice versa.

6. Piezometric Head. a. Equation 1l-1 neglected the tangential
stresses due to fluid deformation, Therefore, the equation is corxect
for either hydrostatic conditions or conditions in which the velocity
is equal at all points in the fluid with zero fluid deformation. Under
many conditions of fluid motion, the effects of acceleration and tan-
gential stresses are negligible in comparison with other factors. For
such conditions, the assumption of hydrostatic pressure distribution
is adequate to determine the force of a fluid on the boundaries.

Under conditions of liquid flow with hydrostatic pressure distribution
the piezometric head is defined as the 'sum of p/ 7 + Z as follows:

P
h=g5+2 (1-2)
b. In flow with a free surface and hydrostatic pressure dis-
tribution, the pressure head at any point is equal to its depth below
the surface. In a closed conduit the piezometric head "h" represents
the height to which a liquid would rise in an open tube connected to a
. piezometer orifice in the boundary.

7. Hydrostatic Pressure on Submerged Plane Surfaces. a. The total
force due to liquid pressure upon a plane surface is equal to the pro-
duct of the specific weight of the liquid, the area of the surface, and
the depth of its centroid below the free surface or piezometric plane

Par. 7b
(Fig. 1, Plate 101). This relationship is determined by the following equation:

F=7 By (1-3)

F = total force in pounds
% = specific weight (for water, 62.5 lb/cu. ft.)

b = head, from the water surface to the centroid of
P the submerged area in ft.

A = area in sq. ft.

b. The distance between the line of intersection of a plane boundary
surface with the free surface of the liquid and the line of action of the
resultant hydrostatic force (the distance "y " to the center of pressure
from x-x shown in Fig. 1, Plate 101) is equalto the ratio of the second
and first moments of the area about the line of intersection:

X E - K2
S=yt+zx=y+t=— 1-4)
o Y TFETY 3 (

distance to the center of pressure from the
wntef surface along the prolongation line
of'the submerged surface
distance to centroid from water surface along
the prolongation line of the submerged
surface
radius of gyration about a horizontal axis
h the id of the d surface
moment of inertia about the centroidal axis
parallel to the water surface
I, moment of imertia of the submerged surface
about the x-x axis
0y = moment of area or first moment of the submerged
area about the x=-x axis.
¢. Fig. 2, Plate 101, shows the more common shapes encountered in
hydraulic problems, with the vertical distance z from the base to the
center of gravity (cg).

8. Hydrostatic Pressure on Submerged Curved Surfaces. a. The horizontal
component of the total hydrostatic force upon a curved surface, is equal to

the force which would be exerted on the vertical projection of the surface
(as showm by line EA in Fig. 3, Plate 101) and bas the same line of action
as the foree on the vertical projection.

b. The vertical component of the total hydrostatic force upen a
curved surface (Fig. 3, Plate 101) is equal to the weight of a liquid columm
extending from the boundary surface to the free surface (ABCD). The line
of action passes through the center of gravity of this liquid columm.
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SECTION C: FLUID FLOW

9, Application of Fluid Flow. Hydraulic problems encountered in
military hydrology are concerned with water flowing with turbulent
motion (i.e., motion in which the direction and magnitude of the velocity
vary irregularly with time). Most of the problems may be solved by
considering the flow as characterized at each section by a mean velocity,
mean pressure, and a mean elevation.

10. Definitioms. a. Discharge. The volume of fluid passing a
cross section of a channel in unit time is called the discharge. The
symbol Q is used to designate the discharge, the usual units being
cubic feet per second (cfs). If V is the mean velocity in feet per
second past any cross section, and A is the cross sectional area in
square feet

Q= av (1-5)

b. Steady and Unsteady Flow. Fluid flow may be steady or un-
steady. Steady flow occurs in a system when none of the variables in=-
volved changes with time, If any variable changes with time, the
condition of unsteady flow exists. If the discharge Q passing a
given cross section of a stream is constant with time, the flow is
steady at that cross section. Examples of unsteady flow are discharges
through orifices and over spillways under falling heads, or the
passage of a flood wave down a channel.

c. Uniform and Non-Uniform Flow. The flow is said to be uniform
in a reach if, with steady flow in any length, the average velocity
at every cross section is the same. If the velocities are not the
same, the flow is non-uniform. Uniform flow is possible only in a
channel of constant cross section. Non-uniform flow occurs in all
channels where there is either accelerated flow or backwater.

11. Equation of Continuity. In steady flow, uniform or non~-
uniform, the quantity per second, Q, passing any section must be con-
stant. If A; and V; represent the cross-sectional area and average

velocity at a section 1, and Ay and V, represent the same quantities
at a section 2, then

Q = AjV] = AV, (1-6)
thus, the mean velocities at all cross sections having equal areas are
then equal. If the areas are not equal, the velocities are inversely
proportional to the areas of the respective cross sections.

12. Energy. a. Kinetic and Potential Energy. The total energy
possessed by a fluid consists of the kinetic energy and the potential
energy of the fluid. The kinetic energy of the fluid of mass m and
moving with velocity V, is m V2/2. The potential energy of the fluid
results from the position of the fluid element and the pressure on

Par. 12b

i The total emergy of
the fluid element, aund is equal to 2 + plY
2 fluid clement p;r unit weight is expressed by the equation

E=2+z+72 -7
¥y %%

the total enexgy per pound of fluid in the fluid element
ressure, pounds per square ft.
ﬁpectﬂc’wei;ht of the fluid, pounds per cublc foot
elevation of the fluid element above a given datum in feet
velocity of the fluid element in feet Eet second
acceleration of gravity in ft. per secs.

b. Specific Emergy. The energy in a cross section of an open channel
with the datum reference plane coincident with the chaunel bottom, !i
called the specific emergy. The specific energy of an open channel is
computed by the following equation:

whexes

B
r
2
v

L I

2
lind Q 1-3)
Hy =y +75 =7+ 7 ¢

The specific emergy, H,, of a stream thus equals the depth of water plus
the velocity head. -

c. A certein discharge may flow in an open chapnel in a nuwber of
ways, each characterized by a different dept . To each depth tgere
corresponds a definite velocity head for tne given discharge an
therefore a definite value of the specific energy. A specific energy
diagram may be drawn plotting the depth of flow in a given ix@:ad“-
gsection against the corresponding specific enexgy for the g '],_enm.:g
charge. A typical specific energy di.agram. is shovn on ’i‘;hﬂ.::h 1
102, The potential emergy is represented >y the line 0-2 "
45° te the x axis. The velocity head or kinetic energy head cugum“
asymptotic to the X and y axis as shown by curve b-c. l'w;‘l::‘ o
curves is the specific energy curve d-e. It will be not S e
specific energy curve bas two depths for each value of tK l:ﬁ;l -~
energy, except at the point of minimum energy. This dep . ml‘ _um
vwhich the apecific energy is :lmi:;m:; 12 te;md the critical &p

¥ gsed more fully apter V. )
=nd ME hi gi:::nctmn should be noted betweer the energy dsﬁm by
equation 1-7 and the specific emergy as defined by equation g:\:.
The energy iw equation 1-7 is energy referred to a constsat Y u?
1ize and indicates the changes in energy over a certsin leagth o
flow &s a whole, The specific energy in equation 1-8 is the mrg‘m
referred to the channel bottom which chafxges from sectiom sg :sc L .
Steady uolform flow is characterized by the specific emergy belng
constaxent a‘%‘gzgzzxg;h.‘::nuzhon. (1) Bernoulli deduced that in any stream
or coadu'zit flowing steadily without friction, the totsl em;igy contained
in a given mass is the same at evexy point ir its path of :zo .
Bexnoulli's theorem would be expressed by r.h:g following u‘ma ons

2 v
Py v P2 -
ﬂu'—7+21+-‘1—28 =3 2+ @-9
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Par. 12e(2) Par. 13c
where H = the total enexrgy head c. In Fig. 2, Plate 102, the sum of the forces (F) acting is
hg = the friction head loss given by the expression:

Py /y/& Pk~ the pressure head at sections 1 and 2 ’y
b él & Zy= the elevation head above a given datum at F=F -Fy= gg—‘ (V2 - Vl) {1-12)

2 2 sections 1 and 2
V1°/2g & V"/2g = the velocity head at sections 1 and 2.

(2) Equation 1-9 is expressed in terms normally used in

F) = the total hydrostatic force at 1-1 = Al?l.

pipe flow computations. The flow in open channels, when the cross i - £ at 2-2 = A,y
section is either uniform or changes gradually and when the velo- ) Fp = the total hydrostatic force Y2
cities a).:e uniformly distributed, would be expressed by the following ) Equation 1-12 may be expressed as follows - "The change in momentum
cauation: of a fluid body is equal to the total unbalanced force acting on the
v,2 v,2 g body." This will be more fully discussed in Chapter V.
1 2
H=y +2 +5—=yp+2Z+35— +h (1-10)
1 1 2g 2 2 2g £

(3) Fluids in motion invariably suffer a loss of energy through
friction. In order to make equations 1-9 and 1-10 balance, the
frictional head loss between sections 1 and 2 was added to the right-
hand side of the equations. If energy is added to the flow between
sectionsl and 2, such as by a pump, the equivalent energy head must
be added to the energy of section 1. Conversely, if energy is given
up by the flow between sections 1 and 2, such as to a turbine, the
equivalent energy head must be added to the right-hand side of the
energy equation. This would be expressed as follows:

Energy in Energy added Energy taken Energy in
fluid at + to fluid between - from the fluid = fluid at
Section 1  Sections 1 and 2 between Sections Section 2

1 and 2, including
friction loss

13. Momentum. a. The momentum of a body is the product of its
mass and velocity. Impulse is the product of the resultant force
acting on a body and the time of action of the force. Expressed
as a formula:

oo S I L e

Momentum = m V
Impulse Ft
b. The force (F) acting upon any mass (m) produces an acceler-
ation (a) or F = ma. If (F) is constant and the average rate of
acceleration = (Vp - V1)/t where t = time in seconds, then:

I Y
t
Ft = m(Vy - Vy) (1-11)
This may be expressed as follows - "During any period of time, the

impulse of the resultant force acting upon a body is equal to its
change of momentum."
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l ‘ Par. 14

Potential energy line ' X CHAPTER II ,
i [«Kinetic Energy ORIFICES, TUBES, AND CULVERTS .
'»i - Ho ;% - SECTION A: ORIFICES AND TUBES i
oY+ V2 s .
e \‘E Yy pecific energy curve - 14, Basic Equations. a. An orifice is a regular-shaped opening with '

1‘ pot kin, = V2/2g a closed perimeter through which water flows. If the perimeter is not

= Crit. | \ . closed, or if the opening flows only partially full, the orifice be-
Variable \ Point of 4 - L comes a weir. :
Depth Depth > 1 of min contents b. An orifice with prolonged sides such as a short piece of pipe i
P of energy 4 R
y Yy, S i - set in the side of a reservoir is called a tube. An orifice in a thick 2

v f /‘50 ~ d - - wall has the hydraulic properties of a tube. The actual discharge of
———===C a stream or jet issuing from an orifice is different from the theoretical %
1 >Specific Energy B . discharge because of friction loss and colntraction or flaring effects. Z

Bpin = - The discharge from an orifice is given by the formula: 1
Fig. 1 i Q = CgA(2g)0-3 (2-1)
THE SP; 2 _ L
: EGIFIC ENERGY DIAGRAM Ho= ¥ + 'ZQ—AZ where: Q = discharge in cubic feet per second
B i = area of orifice opening in square feet

A
1 - S Cq = the discharge coefficient
L =Reach Length 2 B = head, in feet, on center line of orifice with
- il free discharge or difference in upstream and
downstream water levels for a submerged orifice
g = the acceleration of gravity

When the velocity of approach is appreciable, the following formula
should be used for the computation of the discharge:

| 8 Q=cea [ 28h+ b l 0.5 (2-2)

Yy Z
S = . T i where b, = the approach velocity head, in feet.
z X ~Channel botton S1 yz. ¥ o = c. Orifices Under Low Heads. If the head on the upper edge of a
R 2ke, 2 rectangular orifice is equal to or less than the height of opening,
1 Horizontal D N B the orifice is considered to be under a low head. The following for-
& tun 2 = = mula gives the discharge for a rectangular orifice under low heads:
coNs Fig. 2 = B Q= 2/3CqL(25)°‘5(h21‘5 - hll.s) (2-3)
ERVATION (F ENERGY AND MOMENTUM - =
where: L = width of orifice
OPEN CHANNEL GEOMETRY DIAGRAM i N i hy = the head from water surface to top of orifice
= hy = the head from water surface to bottom of orifice
Cq = a coefficient of discharge taken from Plate 202
il ; 15. Discharge Coefficient. The coefficient of discharge of an
orifice is a function of the boundary gometry, and the ratio of the
ENERGY - i head on the orifice to its size. The general shape and sharpness of
DlAGRAMS - the upstream edge of the orifice will also affect the value of the
coefficient of discharge. The variation of the discharge coefficient
, B i of a sharp-edged slot or orifice /1/, as a function of the boundary
§ . . hown on Plate 201. The discharge coefficients 13/
MILITARY HYDROLOGY R & D BRANCH geometry, is s , 134,
WASHINGTON DISTRICT CORPS OF ENGINEERS ! i /4!1,285 various types of orifices and tubes are shown on Plates 202
Prepared by Date an * :
Drawn by
s
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Par. 16

16. Nozzles. A nozzle is a converging tube attached to the end
of a pipe or hose which serves to increase the velocity of the issuing
jet. At high velocities, Cq(Eq. 2-1) is usually within 2 or 3 percent
of unity. The following mean value of coefficients of discharge for
smooth nozzles, having a diameter at the base of 1.55 in., were deter-
mined from experiments /2/:

;. Nozzle tip diameter
Ratio o base diameter 0.485 0.565 0.645 0.725 0.806 0.886

Cq 0.983 0.982 0.980 0.976 0.971 0.959
SECTION B: CULVERTS

17 Types. a. A culvert /5/ can operate under five sets of
conditions as designated by the following types of flow:

Type 1. Part full with free outfall

Type II. Part full with outfall partially submerged
Type III. Full with outfall completely submerged
Type IV. Full with outfall partially submerged
Type V. Full with free outfall

Of these five conditions, the first three are stable and of primary
practical importance. The last two are stable within limits which
have not yet been well defined.

b. Free Flow. Type I flow occurs when the culvert flows part
full with a tailwater elevation below the invert of the culvert at the
mvxtlet. This condition of flow is represented by point 1 on the \}pper
discharge diagram of Plate 204. The coordinates of the discharge dia-
grams.are expressed as ratios of the headwater and tailwater depths, to
tk.xe diameter of the culvert. The relation between pond elevation ar’xd
discharge is well defined and stable for Type I flow conditions. The
culv?r; slope for this type of flow, however, must exceed the slope
required to overcome friction losses induced by the roughness of the
cu:!.vert walls. If the rate of discharge remains constant, and if the
ta%lwater level is raised, the headwater remains unchangec’i until the
tailwater level approaches the level of the headwater pond , or reaches
the top of the pipe at the outlet. This is represented by the line 1-2
on Plate 204 and is classified as Type II flow.

c. Submerged Flow. As the tailwater level is fu i
submerge the pipe outlet and fill the conduit, the fizw 1?:::5::2:2 i
as Type I?I flow and is represented by the line 3-4 on Plate 204. The
rate of discharge is then a function of "hg" which is the differt;nce
in pond levels l?etween headwater and tailwater pools. Within the range
‘:i-l(- any change in the elevation of tailwater level is promptly reflected
in an equal change of headwater level assuming the rate of discharge to
;:m:;nr:ts::szagtl; As thg pipe changes from part-full flow to full flow,
5hmmpon PYaie zgéthe la‘.ne 2-3,'the headwater depth may drop abruptly as
B a s Or 1t_may rise gradually. The transition 2-3 occurs

n the tailwater level is at or near the crown of the culvert at outlet.

10

Par. 17d

d. Unstable Flow Conditions. Type IV flow conditions occur if the
culvert has been flowing full, and if the tailwater level is lowered
below the crown of the culvert at the outlet. The bheadwater pool
level is also lowered =- but at a rate which decreases propoztionately
as the tailwater is lowered. This is represented by the range 3=5
on Plate 204, and it represents a zone of operation which may be
quite unstable., Point 5 represents the limiting condition in which
the outfall is discharging freely witk tke pipe flowing full through-
out its length, and is classified as Type V flow which is also quite
unstable.

18. Discharge Capacity.a.The discharge capacity of a culvert is im
a category between a weir or short tube as ome limit, and a long pipe
as the other limit. The discharge capacity of a culvert is a function
of at least seven variables. These variables are as follows:

(1) The material of the culvert which effect is
reflected by the roughness coefficient

(2) Diameter or cross section of the culvert

(3) Slope of the conduit invert

(4) Entrance conditions as reflected in the
entrance loss coefficient for the
headwall shape

(5) Headwater elevation above the invert

(6) Tailwater elevation above the invert at
the outlet

(7) Outlet conditions as reflected in the means
to convert some of the kinetic energy into
potential energy below the culvert

b. Free Flow. The discharge capacity of a culvert for free flow
conditions, with the hydraulic control at the entrance, is a function
of the cirtical depth. This condition requires that the culvert be set
on a slope greater than the normal slope for the maximum discharge, and
that the tailwater does not submerge the outlet. The discharge capacity
of a circular pipe with square-edged entrance and free-flow conditions
would be a functicn of the diameter to the five-halves power. Plate 205
shows the relationship of the ratio of y]_/D and the discharge factor
Q/Dz's. This plate would be used to determine the discharge under free
flow conditions from a circular pipe, knowing the diameter and kead on the
culvert. Two nomographs /5/, /6/, are shown on Plates 206 and 207 for
use in determining the discharge through a circular culvert or a rec-
tangular culvert. The nomographs are used in determining the discharge
for culverts with: a square-edged entrance, and the control section at
the inlet. A straight line drawn between the variables shown on any
two scales would intersect the values of the variables on the other
scales.
c. Submerged Flow. The discharge capacity of a culvert, for sub-
merged flow conditions, is a function of the entrance loss, the
velocity head loss, and tke friction head loss through the conduit.
The total head loss through a submerged culvert would be computed by
the following equatioms:
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2 .
Circular Culvert: hg = (1 + Ko+ %— ;—g_ (2+4)

£L,y2
Box Culvert: hg = (1 +Ke *+ -ﬁ)z—-g (2-5)

[

head loss in feet between the tailwater and headwater
diameter of circular culvert

entrance loss coefficient

0.50 for square edged entrance, r/D=0

0.25 for rounded entrance, r/D = 0.05

0.10 for rounded entrance, r/D = 0.2

radius of rounding of entrance of conduit in ft.
length of culvert in ft.

friction factor

190 nz/Dl 3 for circular culverts

116 n2/R1/3 for box culverts

hydraulic radius of box culvert = AP
cross-sectional area of culvert

wetted perimeter of culvert

velocity head with culvert flowing full
Manning's roughness coefficient

where hy

D
Ke

<
~

~

N

L T T T T O T O O

ER IR

d. Culvert Flowing Full, Outlet Unsubmerged. The discharge
capacity of a culvert, for unstable conditions with the culvert flowing
full and with the outlet unsubmerged, is a function of the total head
loss, the elevation of the hydraulic gradient at the outlet, and the
bottom slope of the culvert invert. The total entrance head required to
convey a given discharge through the culvert would be equal to:

Culvert Sloping in Direction of Flow
yi=hg+2Z-a
Culvert Sloping Adversely to Direction of Flow
yp =hg+Z+a (2-7)

¥y = the upstream water surface depth above the culvert
invert in feet

hgq = the total head loss in feet for a culvert flowing full,
equal to the head loss for a submerged culvert as
given in Eq. 2-4 or Eq. 2-5

Z = the elevation of the hydraulic gradient above the culvert
invert at the outlet and equal to 0.6 D in feet

a the total fall in the culvert invert in feet.

19. Discharge Rating Cuxve. a. The discharge rating curve of a
culvert structure sloping in the direction of flow would be computed
as follows:

Par. 1%a(l)

(1) Determine the tailwater rating curve below the culvert by
methods given in Par. 86. '

(2) Determine the normal discharge of the culvert £lowing £fvll
with the friction slope equal to the bottom slope by the methods described
in Pax. 7l. The discharge is the maximum flow that would nommally be
released with the control at the inlet. Discharges greater than the
normal discharge would cause the culvert to flow fu21l and would be com=
puted by equation 2-4 or equation 2-5.

(3) Assume a discharge through the culvert and determine the
tailwater elevation from the tailwater rating curve.

(4) Compute the head loss through the culvert by Ed. 2-4 ox
2.5 if the tailwater submerges the culvert outlet.

(5) Compute the head for the assumed discharge by means of
the nomograph on Plate 205 if the tailwater does not submerge the outlet.

(6) Assume other values of discharge and repeat steps 3)
through (5). Plot the values of the head and discharges which form the
points of the discharge rating curves.

b. The flow characteristics of a culvert stxucture sioping
adversely to the direction of flow are difficult to determine. The head
necessary to pass a given discharge through the culvext is a function of
the head loss due to friction, the elevation of the hydraulic gradient at
the outlet, and the entrance losses.

c. When a culvert outlet is not submerged, the pipe may oxr may
not flow full depending on the total head loss through the culvert. For
low discharges the culvert would flow as an open channel. The upstream
depth for low discharges would be equal to the sum of the initial depth,
the drop in the invert of the culvert, and the fall in the water surface
due to friction in the culvert, and the entrance loss due to form losses.
For moderate discharges the culvert wuld flow full at the iunlet and pazrti-
ally full at the outlet. The upstream depth would be equal to the sum of
the critical depth, the drop in the culvert invert, the drop in the
hydraulic gradient, and the entrance loss.

d. For practical purposes in military hydrology, assume the culvert
flows full for all discharges when the slope of the culvert is adverse to
the direction of flow.

e. The discharge rating curve of a culvert structuze sloping adversely
to the direction of flow would be computed as follows:

(1) Determine the tailwater rating curve for the culvert.

(2) Assume a discharge through the culvert and determine the

tailwater elevation from the tailwater rating curve.

(3) Compute the head loss through the culvert by equatioa 2-4

or 2-5 if the tailwater submerges the culvert outlet.

(4) Compute the head loss through the culvert by equation 2-7 if

the outlet is not subuerged.

(5) Assume the values of discharge and repeat cteps (2) through

(4). Plot the values of the head and digcharges and draw
the discharge rating curve through the points.

20. Examples. The computation of the discharge rating cuive of a
48" circular concrete culvert 50 feet long, sloping in the directioa of
flow, is given on Plate 203, as an example., A second example is given
on Plate 209 with the culvert sloping adversely to the direction of £low.

13
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DETERMINATION OF THE DISCHARGE RATING CURVE
FOR A 48" CULVERT

EXPLANATION OF COMPUTATIONS

INITIAL DATA

Assumed physical data for the culvert problem.

The normal discharge for the culvert flowing full was computed
by methods described in Par. 71. The conveyance of a 4-foot
diameter circular pipe with a roughness factor of 0,013 was
computed as follows:

ko = 2486 4 2/ A=12.57 1% R=1=1

1486 15 57 w?

= 1436
The normal discharge would be computed as follows:

Q=k' (so)o'5 8, = 0.01

0.
1436 (0.01) g

= 143.6 cfs

A1l discharges greater than 144 cfs, would have a hydraulic
gradient greater than the bottom slope and would cause the
culvert to flow full,

HEAD DISCHARGE COMPUTATIONS
FREE FLOW

The discharges were assumed as shown in Col., 1, Table I, The
diameter of the culvert in feet was raised to the five-halves
power and divided into the discharges of Col. 1 and listed in
Col, 2, Entering the curve on Plate 205 with the values of
Col. 2, t',he ratio of y./D was obtained and entered in Col. 3.
Tk.ne depth of water aboVe the invert of the culvert for each
discharge was computed as the product of the culvert diameter
and the ratios of Col. 3, and entered in Col. 4. An alternate
method of computing the depth would be to use the nomograph
shown on Plate 206. The ratio y- /D would be determined by
extending a straight line connec%ing the diameter of the
culvert and the discharge to intersect the y /D scale, For
each value of discharge in Col. 1 and a 48" éiametar, the
value of y,/D would te read on the nomograph and entered in
Col, 3, The depth of water over the invert was then deter-
mined as the product of the ratio yl/D and the diameter of
the culvert.

Plate 2084

HEAD DISCHARGE COMPUTATIONS
OUTLET SUBMERGED

The head loss through the culvert flowing full and with.the
outlet submerged was equal to the sum of the exit velocity
head, the entrance head loss, and the friction head loss. The
friction head was computed by the Darcy-Weisbach formula:

R 2
PSS i

where f = Darcy-Weisbach resistance coei‘i‘ic%ent /which is
equivalent in the Manning equation to 190 /D

£ = 190 x 0.0137 0.013% _ 0,020
L.0%/3

The friction head loss through the culvert was equal to:

ng = (0,020 x 50/4) &2
2g

The entrance loss coefficient of 0.5 V2/2g for a square edged
entrance was taken from the values given in Par. 18, The
total head required for each discharge was equal to:

]

hg = (1+ 0,50 + 0.25) 3
72

hg = 1.75 %

The discharges were assumed as shown in Col. 1, Table II. The
velocities of Col. 2 were determined from the area of the L8"
diameter culvert and the discharges of Col. 1. The velocity
head was determined from the velocities of Col, 2 and entered
in Col. 3. The total head loss was determined as the product
of 1.75 and the velocity heads of Col. 3, and entered in Col. L.

HEAD DISCHARGE CQMPUTATIONS
CULVERT FULL, OUTLET UNSUBMERGED

The upstream depth "Of water on the culvert flowing full with
the outlet unsubmerged was computed by equation 2-6.

yL=hg+2Z-2

The value of "Z" was computed as 0.6D or 2.4 ft. The value of "a"

was given in the initial data of item (L) as 0.5 ft. The head loss

was computed from Eq. 2.} as described in item (9). The upstream depth |
of water on the culvert for each discharge would be equal to: Plate 208 B
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= 1,75 V¥/2g + 0.6 (4.0) = 0.5

¥, = L9+ LT v%/2¢

Assume the discharges given in Col. 1, Table III. The velocity
head and head loss for each discharge was determined in the
same manner as for Cols., 3 and 4 of Table IT and entered in
Col. 2 and 3 of Table III. The upstream head was computed as the
sum of 1.9 and the heads of Col. 3 and entered in Col, 4, Table
III.

DISCHARGE RATING CURVE

Flow Characteristic Curves. Flow characteristic curves were
determined, for the discharges of Col. 1, Table IV, as des-
cribed in the following steps:

1. The 45° zero discharge line was drawn with the
origin at -0.5 feet headwater depth (0.5 ft.
dro;)) in invert elevation between inlet and out-
let).

A horizontal discharge line was drawn for the
constant headwater depths given in Col. 4,

Table I, and with the tailwater depths varying
from zero to 4 ft. (equal to the diameter of
the pipe).

The head loss, for the culvert flowing full and
the outlet submerged was plotted above the zero
discharge line by an amount equal to the values
given in Col. 4, Table II. The head losses were
drawn as 45° lines on Plate 208F.

The flow lines of steps 2 and 3 were connected
by nearly vertical lines at a tailwater depth
equal to the culvert diameter.

The upstream depth for the culvert flowing full
and the outlet unsubmerged, was plotted above the
upstream invert elevation by the amount given in
Col. 4, Table III.

The headwater depths of step 5 were connected to
the head loss curves computed in step 3 at a
tailwater depth equal to the culvert diameter.

Tailwater Rating Curves, For purposes of illustration four
tailwater conditions were assumed as follows:
1, Free flow.
2. Moderate tailwater conditions as represented by
tailwater rating curve "A" (see Plate 208F).
3. High tailwater conditions as represented by tail-
water rating curve "B",
4. A submerged outlet in a large pool as represented
by the horizontal tailwater rating curve "C".

Discharge Rating Curves. The headwater depth for free flow
conditions, with discharges less than the maximum normal dis-
charge of 146 cfs., was plotted from Col. 1 and Col. 4 of
Table I, The headwater depth for discharges greater than the
normal discharge was plotted from Cols. 1 and 4 of Table III.

Plate 208C

13)

TABLE III
HEAD-DISCHARGE COMPUTATIONS
CULVERT FULL, OUTLET UNSUBMERGED

h v:
cgs VZ/Zg-ft. feet fogt
Col, 1 Col, 2 Cols 3 Col, &4
150 2.21 3.87 5.77
200 3.92 6.88 8,78
225 4,97 8,70 10.60

TABLE IV
DISCHARGE RATING CURVE

Q

cfs

Free Flow

Conditions| Conditi

Depth y3
ft
Col, 2

Tailwater Tajlwater Tailwater
Condition B Condition C
Depth yp Depth yo Depth ¥y Depth y2 | Depth v1
fv ft ft fv ft

Col., 3 Col. 5| Col. 6 Col, 7 Col. 8

3.3
5.2
5.77
8.78
10.60

7.1 7.0 11.0 10.9
8.8 10,0 11.0 12.2
9.5 12,8 11.0 14,3
9.9 16.2 11.00 17.3
0.0 18.1 11.0 19.1

CULVERT EXAMPLE

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
Drawn by

PLATE 208E
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¥y = 1,75 V¥/2g + 0.6 (4.0) - 0.5

7 =19+ 175 v¥/2g

Assume the discharges given in Col, 1, Table III, The velocity
head and head loss for each discharge was determined in the
same manner as for Cols. 3 and 4 of Table II and entered in
Col. 2 and 3 of Table III. The upstream head was computed as the
sum of 1.9 and the heads of Col. 3 and entered in Col. 4, Table
III.

DISCHARGE RATING CURVE

Flow Characteristic Curves. Flow characteristic curves were
determined, for the discharges of Col. 1, Table IV, as des-
cribed in the following steps:

1. The 45° zero discharge line was drawn with the
origin at -0.5 feet headwater depth (0.5 ft.
dro;)) in invert elevation between inlet and out-
let).

A horizontal discharge line was drawn for the
constant headwater depths given in Col, 4,

Table I, and with the tailwater depths varying
from zero to 4 ft. (equal to the diameter of

the pipe).

The head loss, for the culvert flowing full and
the outlet submerged was plotted above the zero
discharge line by an amount equal to the values
given in Col. 4, Table II. The head losses were
drawn as 45° lines on Plate 208F.

The flow lines of steps 2 and 3 were connected
by nearly vertical lines at a tailwater depth
equal to the culvert diameter.

The upstream depth for the culvert flowing full
and the outlet unsubmerged, was plotted above the
upstream invert elevation by the amount given in
Col. 4, Table ITI.

6. The headwater depths of step 5 were connected to
the head loss curves computed in step 3 at a
tailwater depth equal to the culvert diameter.

Tailwater Rating Curves. For purposes of illustration four
tailwater conditions were assumed as follows:
1. Free flow.
2. Moderate tailwater conditions as represented by
tailwater rating curve "A" (see Plate 208F),
3. High tailwater conditions as represented by tail-
water rating curve "B",
4. A submerged outlet in a large pool as represented
by the horizontal tajlwater rating curve "C',

Discharge Rating Curves. The headwater depth for free flow
conditions, with discharges less than the maximum normal dis-
charge of 146 cfs., was plotted from Col. 1 and Col, 4 of
Table I, The headwater depth for discharges greater than the
pormal discharge was plotted from Cols, 1 and 4 of Table IIT.

Plate 208C

DEPARTMENT OF THE ARMY

The head required to deliver a discharge between 100 and 150
ofs was uncertain and was plotted as a dotted line. The
points were ccnnected by smoth curves giving the discharge
rating curve for free flow s shown on Plate 208 F.

The discharge rating curves for the three tailwater conditions
were computed as described in the following steps:

1. The tailwater depths were determined from
rating curves A, B, and C for each discharge
given in Col, 1, Table IV, and entered in
Cols. 3, 5, and 7, respectively.

With the tailwater depths and discharges
determined in step 1 determine the headwater
depth from the flow characteristic curves and
enter in Cols. 4, 6, and 8, respectively.

The headwater depths were plotted against the
discharges and smooth curves drewn between the
points to give the discharge rating curves for
tailwater conditions A, B, and C as shown on
Plate 208 F.

PLATE 208 D

DETERMINATION OF THE DISCHARGE RATING

INITIAL DATA
L48~inch diameter concrete culvert,
Length = 50 ft.
Concrete headwall with square-edged ent]
Slope of culvert is riverward with 0.5
Direction of flow into the river,
Coefficient of roughness = 0,013
Ko = 0.50
Mox normal discharge = k' |/So = 143.6

TABLE I
HEAD-DISCHARGE COMPUTATIONS

Q op2+s
cfs
Col, 1 Col, 2
50 1.56
100 3.13
150 4,70
200 6,25
22

(9) Head loss for pipe full and outlet subd
2
Ly Lo 175
nd=(1,¢xa#r5) %
TABLE 1I
HEAD-DISCHARGE COMPUTATIONS

qQ v

cfs ft/sec

Col, 1 Col, 2
50
100
150
200
225

Head loss for culvert full and out.let

yp=h#Z-e8

yp=1940
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DEPARTMENT OF THE ARMY

DETERMINATION OF THE DISCHARGE RATING CURVE FOR A 48" CULVERT

RPS OF ENGINEERS

he head required to deliver a discharge between 100 and 150 INITIAL DATA
fo was uncertain and was plotted as a dotted line, The TABLE II1
boints were connected by smooth curves giving the discharge Le-inch diamoter concrete culvert. HEAD-DISCHARGE COMPUTATTONS
ating curve for free flow es shown on Plate 208 F. Length = 50 ft. CULVERT FULL, OUTLET UNSUBMERGED
Concrete headwall with square-edged entrance conditions to pipe, 2 P M T
he discharge rating curves for the three tailwater conditions Slope of culvert is riverward with 0.5 ft. drop in 50 ft. ofs v°/2g-tt. feet fodt
ere computed as described in the following steps: Direction of flow into the river. Col, 1 Col, 2 Col. 3 Col. &
Coefficient of roughness = 0.01
The tailwater depths were determined from K = 0,50 e 3 ;gg 2;; z.gg Z.’;g
rating curves A, B, and G for each discharge Yox normal discharge = k! [/So % 143.6 cfs 3 o .
given in Col, 1, Table IV, and entered in € ° 225 b.97 8.70 10.60
Cols. 3, 5, and 7, respectively.

TABLE I
HEAD-DISCHARGE COMPUTATIONS FREE FLOW CONDITIONS

With the tailwater depths and discharges
determined in step 1 determine the headwater Q /25
depth from the flow characteristic curves and ofs
enter in Cols. 4, 6, and 8, respectively. v

L . Col, 1 Col, 2 DISCHARGE RATING CURVE
The headwater depths were plotted against the 50 ;-i"
discharges and smooth curves drewn between the 100 213
points to give the discharge rating curves for 150 k.70 Freo Flow Tailvater Tadlvater Tailvater
tailwater conditions A, B, and C as shown on 200 6.25 cfs |Conditions Condition A Condition B Condition C
Plate 208 F 225 7.03 Depth y) [Depth y,|Depth y) | Depth y,[Depth y; | Depth yz [ Depth ¥

* ft £t ft £t £t £t ft

Head loss for pipe full and outlet submerged: Col. Col, 2 Col. 3 Col. 5 Col, 6 Col, 7 Col, 8
n Y. 175 v 50 3.3 7.1 7.0 11.0 10.9

b= (4K 2D 2= 7 3 100 5.2 10,0 11,0 12.2

150 5,77 12.8 11,0 4.3

8.78 16.2 11.00 17.3
10.60 18.1 11.0 19.1

LE IT
HEAD-DISCHARGE COMPUTATIONS OUTLET SUBMERGED

Q v
cfs ft/sec
Col, 1 Col, 2| Col, 3 Col. 4
0 .97 0,24 0.42
lgﬂ ?.9‘# 0.98 1.72
150 11.9 2,21 3.87
200 15.9 3.92 6.88
225 17.85 k.97 8.70

v2/2g" hy
ft ft

culvert full and outlet unsubmerged :

Head loss for

yp=htZ-8

R CULVERT EXAMPLE

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
Drawn by

PLATE 208 D

‘PLATE 208E .
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DETERMINATION OF THE DISCHARGE RATING CURVE
FOR A 48" CULVERT WITH ADVERSE SLOPE

EXPLANATION OF COMPUTATIONS
INITIAL DATA
Assumed physical data for culvert problem.

HEAD DISCHARGE COMPUTATIONS
OUTLET SUBMERGED

The head loss through the culvert flowing full and with the
outlet submerged was computed as the sum of the exit velocity
head, the entrance head loss, and the friction head loss.

The head loss for these conditions was computed as explained
in items (9) and (10) on Plate 208,

HEAD DISCHARGE COMPUTATIONS
CULVERT FULL, OUTLET UNSUBMERGED

The upstream depth of water on the culvert flowing full with
the outlet unsubmerged was computed by equation 2-7:

yp=ha+tZ+a

The value of "Z" was computed as 0,6D or 2.4 ft. The value
of "a" was given in item (4) of the initial data as 0.3 ft.
The head loss was computed from equation 2-4 as 1.75 V' /28
and described in item (9), Plate 208.

The discharges were assumed in Col. 1, Table I, Plate 209C.
The velocity heads of Col, 2 were determined from the area of
the 48" diameter culvert and the discharges of Col. 1. The
head loss "hg" was computed as the product of 1,75 and the
velocity heads of Col. 2 and entered in Col, 3. The upstream
depth of water of Col. /4 was computed as the sum of the head
losses in Col., 3 and 2,9 feet as described in item (10).

DISCHARGE RATING CURVE

Flow Characteristic Curves. Curves were plotted showing the
relationship of the headwater and the tailwater depths for
the assumed discharges of Col. 1, Table I, as given in the
following steps:
1, The zero discharge curve as shown on Plate 209C,
was drawn as a 45° line with the origin at 0.5
feet headwater depth (0.5ft. rise in the invert
bottom between inlet and outlet).
The head loss for the culvert flowing full with
the outlet submerged, was plotted above the zero
discharge line by an amount equal to the values
given in Col, 4, Table II on Plate 208E.
The upstream depths for the culvert flowing full

Plate 2094
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and the outlet unsubmerged were plotted from the
values given in Col. L, Table I, Plate 209 C.

L. The headwater depths in step (3) were connected
with the head loss in step (2) at a tailwater
depth equal to the culvert diameter,

Discharge Rati g C i i
tating Curves. The tailwater depths were determined
for each discharge of Col, 1, Table I from the tailwater

rating curves A, B, and C of Plate 208 F and entered in C

l}, e}nd 6, Table IT, respectively, Entering the flow cha\r:ilzhzz;.r-2-J
istic curves of Plate 209 C with the tailwater depths of Cols, 2
' andv6, and the discharges of Col, 1, the headwater depths were
determined and entered in Cols. 3, 5, and 7, respectively, The
headwater depths were plotted against the discharges and smooth
curves drawn between the points to give the discharge rating

;LO‘;VSS for tailwater conditions 4, B, and C as shown on Plate

Plate 209 B

roved for Release
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DEPARTMENT OF THE ARMY
DETERMINATION CF THE DISCEARGE RATING CURVE FOR A 48" CULVERT
WITH ADVERSE SLOFE
Item
INITIAL DATA
(1) 48~3inch diameter concrete culvert
(2) Length = 50.0'
(3) Concrete headwalls with square edged entrance and exit conditions.
(&) Slope of culvert is riverward with 0,5 ft. drop in 50 ft.
(5) Diraction of flow is landward from flooded river.
(6) Coefficient of roughness = 0,013
(7) Ee = 0.50
(8) Tailwater rating curves as shown on Plate 208E
(9) Head for culvert flowing full and outlet submerged taken from Table II,
Plate Z0tE,
(10) | Head for culvert flowing full and outlet unsubmerged.
vy =htzfa
- Ly v
where:h = (1 £ Kg 41 3) %
Z = 0,6D
a = 0.5 ft 2
Ly Y
vy, = (14K, ,Lfﬁ):-é,l 2.4 £ 0.5
2
v, =294175 ¥
1 # -y
(11) TABLE I
HEAD~DISCHARGE COMPUTATIONS CULVERT FULL, OUTLET UNSUBMERGED
Q Ve[ 2¢ hg 1
cfs ft ft ft
Col, 1 Col, 2 Col, 3 Col. &
| 50 0,24 0,42 3.32
J 100 0,98 1.72 4.62
150 2.21 3.87 6.77
| 200 3.92 6,88 9.78
225 4.97 8.70 11,60
J (12) TABLE 1I
" DISCHARGE RATING CURVES DATA
[ Q Tailwater Tailwater Tailwater
" ofs Condition A Condition B Condition C
| Depth y, [ Depth vy | Depth vy Depth yj| Dopth yz | Depth y;
ft. ft. fte ft. fte ft.
E Col.l Col, 2 Col, 3 Col, &4 Col, 5 Col. 6 Col. 7
50 4,0 4,9 7.1 8.0 11.0 12.0
100 5.0 7.2 8.8 11.0 11.0 13.2
] 150 5.5 9.8 9.5 13.8 11.0 15.3
200 549 13.2 9.9 17.2 11.0 18.4
225 6.0 15.2 10.0 19.1 11.0 20.1
MHB-12
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Par. 22a

CHAPTER III
WEIRS

SECTION A: BASIC CONSIDERATIONS

22. Defianitions. a. A weir is an overflow structuze aczoza & sgtream
or weterway used for diverting water or measuring the rate of flow. A
measuring weir s a device which usually has a consistent relation be-
tween head and discharge. Any barrier across an open channel, over
whick flow takes place, may be used as a measuring weir. EHowever,
continuity of the head-discharge relationship will depend upon the
geometry of the weir.

b. The edge or surface over which the water flows is called the
crest of the weir. The sheet of water overflowing a weir is celled the
the nappe. If the tailwater level 1s below the crest, the weir has
a free discharge or free overfall., If the tailwater level iz equal
to or bigher than the crest, the weir is said to be submerged or
drowned.

c. When the nappe touches only the upstream edge of the crest,
the weir is called sharp-crested or thin-edged. If the nappe touckes
only the upstream edge of the side of the weir opening, the weir is
said to have end contractions. If the sides of the weir are flush
with the chanvel, contraction of the nappe is eliminated and the
weir is said to be suppressed.

d. For general usage, the various types of weirs used to mezsure
flow or to serve as reservoir spillways are of such a shape that the
head-discbarge relationship can be expressed mathematically.

23, ZIypes of Weirs. Weirs normally encountered may be classi-
fied according to type of opening such as rectangular, trapezoidal,
trianguler, aad curved weirs; or to profile of crest such as sharp-
crested, broad-crested, ogee, triangular, and trapezoidal weirs.
Sharp-crested weirs aze useful as a means of measuring flowing water.
Weirs not sharp-crested are commonly incorporated in hydrauiic struc-
tures, and though sometimes used to measure water, this is usually
a secondary function.

SECTION B: SHARP-CRESTED WEIRS

2%, Discharge Capscity. a. In cowputing the discharge of a
particulax weir, many conditions and relations must be considezed,
among the most important of which are:

{1) the ratio of hesd on the weir to the height of weir

{2) the ratio of the flow area of the approach chanmel to
that at the weir .

(3) the effect of the profile shape of tke weir; and

(4) the submergence of the weir crest.
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b. The discharge over a sharp-crested weir is computed as follows:

_ 1.5
Q = 5.347CqLh (3-1)

Q = discharge in cfs

L = effective length of weir crest

h = head on .the weir

C‘1 = a variable coefficient of discharge

25. Discharge Coefficient. a. The discharge coefficient of a
sharp-crested weir is a function of the ratio of weir height to the
head on the weir. Rehbock /1/ determined the discharge coefficient
of a sharp-crested weir to be:

Cq = 0.605 + 0,082+ =
z

1
305k (3-2)

Cq coefficient of dischatge
h = head on the weir in feet
z = height of weir in feet

b. The term 0.08 h/z embodies the effect

. . of geometry on the

contraction and velocity of approach, and the dimensional term at the

‘;Zglreﬂectshthe viscus or capillary influence at very low heads
ecting the capillary and viscus influenc -

efficient would be written as: . ees, the diacharge co-

- h
Cq = 0.611 + 0.08% (3-3)

c. The discharge coefficient was plotted as a function of the
t s a f £ th
ratio of the head on the weir to the we e
he ir height, and is shown on

26. Nappe Profiles. The u
0 . pper and lower nappe profiles of a
iharg-crested weir are a function of the ratio of the weir height
Hc;e!: e hs.?d on the weir. Experiments /2/ have been made to determine
coordinates of the nappe profiles and are plotted as dimension=
less ratios as shown on Plate 301.

27. Velocity of Approach. a. The approach velocit:

. 34 P! L. . of the water
:1; 5};;}1@;;1 abive'tl.le weir, will affect the dischargz of all types
of weir ;re etve ?Cltles tl}:oughout the cross section of the approach
et re :othunxfom, being greater near the center of the stream
and Just | hnaz the surface. The velocity head (h,) is considered
et 7A necessary to produce a velocity equal to the mean

ve Withith )d in the a?proacl} channel. The effect of a weir, with

or v ut end contractions, is to cut off that portion of the stream
oving with the slower velocities (see Fig. 1, Plate 302). The result
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15 that the mean velocity for that portion of the flow immediately up-
stream from and above the weir crest may be much greater than the mesn
for the entire app h channel. this central portion of the
flow has a greater effect in increasing the flow through the weir than
that which approaches the plane of the weir in a more oblique direction,
the effective velocity head (ahy) is greater than (hy) and (a) is greater
than unity. The total head on the weir then becomes (b + aby) and

Q = 5.35CqL(h + ah,y1e3 (3-4)

b. The following values of "a* were calculated from the results of
¢he Francis experiments /1/:

a = 1.5 for suppressed weirs and
a = 2.05 for contracted weirs.

. The more irregular the velocities the greater the value of "a".
As the vatio of the head to height of weir decreases, the value of gt
dacreases.

d. Including the effects of veloeity of approach but assuming
uniform velocities in the chanmel of approach, tke theoretical welr
formula is:

Q = 53504 + B - B1 (3-5)

e. Unless the velocity of approach is relative high, the last
term (hyle) may be omitted and the equation used in the following form:

Q = 5.35CqL(h + B ld = 5,350 183 (3-6)

£. The selection of Eq. 3=5 or Eq. 3-6 for use in the soluticn
of problems involving the velocity of approach must be made after com=
sidering the accuracy desired as well as the relation of the velecity
of the approaching stream to the height of the weir. For a low weir
having a high velocity of approach, (hb,) is large relative to (k) and
Eq. 3-5 should be used. :

28. Crest Contraction. a. The vertical contraction at the crest
(£ig. 1b, Plate 302) is usually the principal source of variation in
the discharge over the different types of weirs. This comprises two
factors, the curve of the upper surface of the falling sheet, and the
contraction of the under surface of the falling sheet at the crest edge.
The contraction of the under surface varies with the cross section of the
weir crest. By experiment /3/, the ratio of the actual area to the theo-
_retical area of the falling sheet for a sharp crest was found to be about
0.623. Applying this ratio, as the coefficient of discharge, to the
constant 5.347, the new constant becomes 0,623 x 5.347 = 3.33. The dis=
chaxrge over a sharp-crested rectangular suppressed weir would be computed
by the equation:

Q = 3.33ta13 ' -7

which is known as the Framcis fomla.

17
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b. The crest contraction of a sharp-crested weir is complete
when the ratio of height of weir (z) to the total head on the weir (H)
is 3 or more. The maximum vertical rise of the lower nappe above a
sharp-crested weir is approximately equal to 0,112 H.

29. End Contractions. a. If the sides of the notch or welr have
sharp upstream edges so that the nappe is contracted in width, the
weir is said to have end contractionms. For full end contractions,
the ends of the weir should not be closer to the sides of the channel
than 2.5 times the head on the weir.

b. End contractions have the effect of reducing the effective
length of a weir. It has been found by experiment /3/ that a sharp
edge is equivalent to reducing the length by about 0.1 H: The
following formula has been used to determine the effective length:

L=1'-0.1Nd (3-8)
where L' = the gross length of the weir
N = the number of contractions
H = the total head on the weir in feet

30. Inclined Weirs. An upstream inclination of a sharp-crested
weir (Fig. 2a, Plate 302) reduces, while a downstream inclination
(Fig. 2b, Plate 302) increases, the rate of discharge as indicated
in the following tabulation /3/:

TABLE 1
Upstream Vertical - Downstream
Slope Hor/Vert. 1:1 2:3 1:3 0 1:3 2¢3 1:1 2:1 :1
Relative Q .93 .9 .96 1.00 1.04 1.07 1.10 1.12 1.09
Const. in Eq. 3-7 3.10 3.13 3.20 3.33 3.46 3.56 3.66 4.00 3.63

3l. Curved Weirs. a. Weirs curved in plan may be considered as
straight for all practical purposes if the water approaching and leaving
the weir travels in radial lines. The arc length would be used for (L)
in the basic weir formula. If, however, a curved weir of short radius
is placed in a confined channel in which the approaching water is not
free to travel radially to the weir, the chord length or at least some
reduction in arc length would be used.

b. The extreme case of a curved weir is found where the crest of
the weir forms a complete circle. In this case, the effective length
of the weir is the circumference of a circle at the control point of
the weir. Discussion for conditions of flow other than true weir dis-
charge will be found under Morning Glory Spillways in Chapter VI.

18
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32, Weirs with Crests Not Level. a. If the crest of the weir is
only slightly inclined, (Fig. 3, Plate 302), the discharge would be
approximated by use of the average head in the basic weir equatiom.
1f the variation in head is considerable, the following equation
would be used:

* b. The coefficient (Cq) in the above equation is the usual weir

coefficient, its numerical value depending upon the type of weir.
c. Where the ratio of hj/hy is greater than 0.8, the difference

resulting from the use'of”the two formulas will not be greater than

5 percent. If there are end contractions, the effective length should

be used as described in Par. 29.

33. Submerged Weirs. a. Where the water on the downstream side of
a weir rises to a level above the weir crest, the weir is said to be
submerged. The discharge of a submerged weir (see Fig. 4, Plate 302)
may be regarded th tically as posed of two parts: (1) that through
the upper part (h = N), which may be considered as free discharge, and
(2) that through the lower part (N) which may be considered as flow

h a d orifice. hell /3/ developed a submerged weir

formula which is dependent only upon the difference in elevation be-
tween the upstream and downstream water surfaces. This formula for a
sharp-crested submerged weir is:

Q= 3.33L(csh)1-5 (3-10)

where: Q = discharge in cfs
i = the effective length of weir crest in ft.
h = the upstream head on the weir crest in ft.
Cg = Herschel's submerged weir coefficient.

b. The coefficient Cg is dependent upon the ratio of the submerged
head (N) to the upstream head (h), and is showm on Plate 303.

34. YV-Notch Weirs. a. The measurement of a small discharge is .
normally made over a sharp-crested V-notch weir. (Fig. 5, Plate 302).
The discharge over the sharp-crested V-notch weir is computed by the
equation:

8 0.5,2.5 "
Q = 750q8(28) 7R (3-11)

the head on the weir in ft.

the side slope of notch or L/2h
the coefficient of discharge

the width of the notch at height h

where: h

19
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b. The coefficient of discharge /3/ for a 90° V-notched. weir,
where (s) ig unity, was found by experiment to be 0.593. The dis-
charge is computed by the equation: '

Q = 2.54 h2.5 © (3-12)

c. The discharge for a V-notch weir with 2:1 side slopes ai
. L, : nd a
coefficient of discharge of 0.593 is computed by -the equa:ioﬁ;

Q = 5.07 h2.5 (3-13)

35. Trapezoidal Weirs. a. The discharge through a trapez
weir (Fig. 6, Plate 302) may be considered gs the stglm of thz d;i::;larges
through a suppressed rectangular notch and a triangular or V-notch
The discharge over a sharp-crested trapezoidal weir, with side slo‘es
of 1 on s is computed by the equation P

=2 8 .
Q=30 Lhl-5 (2g)0.5 + 1 c25h2.5(23)0.5 (3-14)

b. The discharge over a sharp-crested t. i i
TP ol u o P e rapezoidal weir with side

- 1.5 .
. Q = 3.33 Lhle5 + 2,54 n2.5 . (3-15)

c. The Cippoletti 'weir is a traj i i ¢
. pezoidal weir having side sl

1 on 1/4 which is approximately the slope required to dis?:harge a opes of
Ell:an;ity of we.ater through the triangular portion of the weir equal to
coitr:zziase mT:iscl:large through the rectangular notch due to end

ons. e advantage of this type of weir is tl i
in length is necessary for end contractgons. @ that no correction

. The discharges over a shar;

. R 3 p-crested trapezoidal wei i
side slopes, based-upon Cippoletti's experiments §s~ eiT with 1 on 1/4

= 1.5
Q = 3.367 Lh (3-16)

6. i i '
recgan ui:ge W:i}x;s: a. A side weir (Fig. 7, Plate 302) consists of a
Ject og flowno cs:id:m t:e side of a canal with the axis parallel to the
. e weirs are used principally to reduce the
. .wat

z:;ﬁ:z;e:'l:ev%?onﬁ in : flume or canal, to the elevation ofet:: iip

s show that the n s
thie s mives by ton oot th ecessary length of weir to accomplish

L = 29.1 b, L0513 (317

h + hy, .
the water surface width of .the main channel
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b. The discharge over the weir was found by experiment to be

Q=1.674 bWLOJZ I_IZL.6£;5 (3-18)

SECTION C, WEIRS NOT SHARP-CRESTED

37. Nappe Form a. The quantity of water which will pass over a weir,
under a given head, depends to a great extent upon the shape of the crest, and
the form the nappe takes in passing over the crest. For each modification of
the nappe form, there is a corresponding change in the relation between head
and discharge. In general, the nappe /3/ may undergo any of the following modi-
fications as the head is varied: discharge freely by touching only the upstream
edge, adhere to top of crest, adhere to downstream face of crest, adhere to both
top and downstream face, remain detached but become wetted underneath, adhere to
top but remain detached from face, and become wetted underneath causing a partial
vacuum. The nappe may undergo several of these modifications in succession as
the head is varied. The modifications of nappe form are usually confined to com-
paratively low heads.

b. As an example of this relation between nappe and discharge; the
following coefficients in Eq. 3-7 apply to a thin-edged weir 2.46 ft. high dis-
charging under a head of 0.656 feet. These coefficients are based on the total
head and include the effect of the velocity of approach.

Condition of Nappe Coefficient
Free discharge, full aeration 3.47
Nappe depressed, partial vacuum underneath 3.69
Nappe wetted underneath, downstream water
level, 0.42 feet below crest 3.99
Nappe adhering to downstream face of weir 4,45

For most forms of weirs of irregular section, the departure in
harp-crested weir results from some
Weirs with sloping upstream faces
road-crested weirs cause adherence of
nent adherence of the nappe to the

C.
weir coefficient from that applying to a s
permanent modification of the nappe form.
reduce the amount of crest contraction, b
the nappe to the crest, and aprons cause perma
downstream face.

38, TFree Overfall. The critical depth /6/ occurs a short distance up-
stream from the brink of a free overfall on a channel of mild slope (Fig. 1,
Plate 304). The critical depth location is approximately 12 yc upstream from
the brink for a channel with a level bed, the distance increasing as the slope
of the channel increases. The depth at the brink is 0.715yc on channels with
bottomslopes less than critical. The unit discharge over an overfall is com-

puted by the following equation:
q = (gycH05 = 9.4 yle3 (3-19)

q = discharge per ft. of width
Y= critical depth in ft.
yp= depth at the brink of the overfall in ft.

A weir (Fig. 2, Plate 304), approximately
lat upper surface, is termed a broad-crested
sharp-cornered upstream face, the lower
face contraction begins at a point slightly

39, Broad-Crested Weirs. a.
rectangular in section with a nearly f
weir. If the broad-crested weir has a
nappe profile will be contracted. Sur

21
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upstream from the weir and continues to curve downward, passing through

a point of inflection, and becomming tangent to a plane approximatel & ar-

allel to the crest a short distance below the upstream edge of the w}e,ig i
b. The flow over a broad-crested weir occurs at critical d(’a th

::md the discharge per unit width for a weir with a rectangular flow sectIiJon

is:

q= (Syc3)o'5 (3-20)

q = the discharge per foot of width in cfs
g = acceleration of gravity
Y= the critical depth in feet

The critical depth is:
Yo =2/3H (3-21)
H = the total head on the weir in feet.

c. The theoretical discharge over a bro. i
ad-crested i
a perfectly rounded upstream edge is: velr with

Q = 3.09 Lul-3 (3-22)

d. The discharge coefficient as det i i
. ) e c ermined in model and protot
g;s::zﬁdizgloze:}; The coefficient of discharge is a function of the gegreeype
o, e upstream corner of the crest, the i
slopes in the direction of flow io e reat oo the mete e
the critices desen , and the ratio of the head on the weir to

i 1nd[zg;teggiz ;‘l?ir.é a. A comparison of the sharp-crested and ogee weirs
o ndicated 1 ig. 4, Plate 304. By experiment /7/ the rise in the lower
instoty 01158 hnapge over a sharp-crested weir has been found to be approx-
oaser a;xd 2 ,dt e ('iistanca out to the point of maximum rise approximately
:1ca11§ e :h rg? in the water surface from still water to a point ver=-
Oty Bhove e l:gh point of the under side of the nappe is approximately
fi11ed.with u ing that the a}rea beneath the lower surface of the nappe is
fisted with oncretc'a, the discharge (Q) remains unchanged. .The crest of

n T owever, is at an elevation 0.888h = H below water surface

Then h = 1.126 H. Substituting in Eq. 3-7: ’

Q =3.33 L (l.126m)1+5
Q= 3.97 wml3 (3-23)

therefore,ﬂﬁir the ogee weir, the theoretical coefficient C, = 3.97.

at which e zogziﬁgic;:nz'wﬂ% appl}" for that head (H) on the ogee weir

The ohan the cone e ction just fits the lower surface on the nappe of
P weir for head (h). The results of numerous experiments

are seldom higher than 3.8. Using a value of Cq of 3.65
in Eq. 3-23, will usually result in discharges that are correct within a range
of 10 percent. Factors causing the variation of Cy are discussed in the section

of Ogee Spillways in Chapter VI.

41, Discharge Coefficient.
the coefficients of discharge for mamy types

common types with their experimental coeffic
310, inclusive.

indicate values of Cy

Experiments have been perfomed to determine
of broad-crested weirs. The more
ients are given in Plates 305 to
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TABLE 1
BROAD~CRXSTED WEIR =~ FACES VERTICAL *
¢orroction should be mede for velacity of approach

T

| Values of (Cq)for use in Formula Q= °.~U\
b Fie. 2 fead *ad Breadth of Crest (b) 3

FREE OVERFALL BROAD-CRESTED WEIR . in ft.  [0.5 J0.75 [ 1.0 ] 2.0 [3.0 5.0
0.5 00 | 2.85 | 2.7 | 2.61 | 2463 2.60
1.0 %.32 3.3 | 2:98 | 2.66 | 2.65 2.68
. i 15 [3.32 |3.28 | 3.2 | 2.83 | 2.66 2.64

lf — 2.0 |3.32 |3.31 | 3.30 | 2.85 |2.72 | 2.65
2.5 |3.32 |3.32 | 3.31 | 3.07 |2.81 2.67
P 7 3.0 |3.32 [3.32 | 3.32 |3.20 [2.92 266

70 |3532 [3.32 32 [ 3.32 |3.07 2.70
head mmm 5.0 [3.32 |3.32 | 3.32 |3.32 |3.32 2.79
\\ . 6.0 |3.32 [3.32 | 3.32 |3.32 [3.32 2,90

_ ] " Tretoorot~Hydrsulica®, Horace W. King.

TABLE 11 1

g § BROAD—CRESTED WEIR ~ ROUNDED UPSTREAM CORNER *
BRCIAD—CHLS'I’ED WEIR Co rrection shou
Rounded Upstroam Edge

7777

=
o
b

cpaam:|o
LRRES

oo
&R

JSRSESESESRIRSESEN)

o
&8

Values of (Cq)for use in the formula Q%
fadius | |Breadth | Height Head (h) in Feeb
of curve ufbcrest of weir [, 5 1.0 | 1.5 2.0

2.6 | 2.95 | 3.01| 3.04-
6,56 | 2 | 276289 2.92
0433 - - {62 2,75 | 2.83 | 2,92
0.33 6456 2.83 | 2.83 | 2.83

+ U, S, Geological Survey, Water Supply

Paper #200
Pig. &4

o0 512 WEIR DATA GENERAL WEIR DATA

MILITARY HYDROLOGY R & © BRANCH FAILITARY HYDROLLGY R & D BitANCH

WASHINGTON DISTRICT CORPS Gl £ NUGINELRS VI-SHINGTON DISTRICT CORPS OF ENGINEEL

Prepared by e Dale i . yrepared by Date
Drawn by _ Tt Drawn by
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TABLE ITI, BROAD CRESTED WEIR
Dovnstream Face Sloping ~ Upstream Face Vertical
No correction should be made for velocity of approach

Experiments on Merced Falls Dam®
Values of (Cq) for use in the
formula Q » CqLhle

[ 2 L |5
rﬂzwlmﬂaxlwu3$1m7

The above values of Cq were computed
from actual measurements of h and Q,
No correction was made for the velocity of approach which was relatively high,
TABLE 17
TRAPEZOIDAL-CRESTED WEIRS v

Correction should be made for the velocity of Apgrgach
Values of (C ) for use in the Formula Q = C, Lh

Head in Feet

0.5 1.5 1 2.0 | 2.8
:1 2:1 0,67 3.581 3.56 | 3.57
11 5:1 0.33 3.59| 3.53 | 3.18
% 0.33 3.82] 3.79 | 3.77
1

Slopes Crest
Upstream Downstream| Width
51 b

0.66 3.57| 3.65 | 3.70
0.66 3.57| 3.57 | 3.57
0.66 3.L8| 3.48 13,48
0.66 3.391 3439 | 3.39
0.67 [3.02
0.66 [3.02
0.66 (2,92
0.66 (2,91
0,66 (2,88
0.66 |2,88
0.67 (2,87
3.13
2.80
2.82
2,80
L
3.77
3.48
3.81

H AW oo ofe

. e

phppene

[EIWENENI R W)
Y wyeym
ey

.

PHERO

A

3.69

3.67 [3.69 | 3166 GENERAL WEIR

For the first seven experiments liste ., the DATA
height of weir used was 4,9 feet, For all
others the height was 2,46 feet,
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R
coocoooRRBRY

WRR RN D

.
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# WENGINEERING NEWS." Sept. 29, 1910, pg. 321 cor
ate

¢ U.S, GEOLOGICAL SURVEY, Water Supply Paper |Irepared by

#200. . Drawn by

PLATE 306 MHB=-12

TABLE V
TRIANGUIAR CRESTED WEIRS - VERTICAL UPSTREAM FACE #

Correction should be made for velocity of approach

Values of (Cq) for use in the formula ¢ = quhl'5

Slope
Hor, to Vert.

z
ol
ol
ol

L

.6
W6l

Coefficients remain practically constant, for varying heads, for each
slope, until the nappe jumps free from the downstream face, in which case
it becomes a sharp crested weir, Values are fairly accurate for heads
varying from .7 to 1,5 feet. Test model length 6.6 feet. Lower nappe not

aerated,

TABLE VI
TRAPEZOIDAL CRESTED WEIR -~ VERTICAL DOWNSTREAM FACE #*

Correction should be made for velocity of approach

Values of (Cq) for use in the formula Q = quhl's

Weir Models
z = 4.9
L= 6,58
b = 0.67

These coefficients
are applicable for
heads varying from
2 to 5 feet,

# U,S, GEOLOGICAL SURVEY, WS Paper #200

Prepared by
Drawn by

GENERAL WEIR

DATA

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS

Date

MHB-12
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TABLE I
WEIRS OF IRREGULAR CROSS SECT'TON —
Correction should be made for velocity of approach ) TABLE VIII, MODEL TESTS

i 6:1 — y

2.77 . ——4— 2 .

i S—TY— . - na ,' . AP
b

on WEIRS'

z = 11.25

1.0
T - values of (C,) for use in the formula Q = CqI.hl';
> Crest Head (h) in Feet

.65 .28 IR i 5
1 S Radius | ™y 1.0 2.0

f—7.0 _4_L .35
g

£
%
by

3.5 52

5
L2
2
2

NEFEFwWwWWWW
onunoo0o0o0o

b

1y
B

HoowwwwwH

3
3
3
3
3
3
3
3

cbooobbobo
coobobbob

2
67
9.75 —-f 3.250— !

2 5

3.50

% U, S. GEOLOGICAL SURVEY, Water Supply Paper # 200
i One end contraction.
s Upstream corner rounded r = 0,33 ft.
Correction should be made for velocity of approach.

Values of (Cq) for use in the formula Q = GoLhl*® ) VEIR VITH CI%!%R—I%PSHEM EACE®
Length 0.5 1.0 5 HeadE(.g) in2f;et 3,0 1.0 L Correcti;m should be made for velocity of approach
3.0 3,13 3.22 | 3,22 | 3,22 | 3.22 . Corputed values of (Cq) for use in the formila Q= Cthl-s
3.5 | 3.7 ;ég 55}% éég 322 : - | i ~ et I ;(1,0 | Ls {
g:;g g:;ﬁ g:gg g:gg g:gg ;.29 ° - _I— “%T(;thl of weil 52,5 feet
3.28 | 3,50 3.5 3:35 3.30 ;:gg - 3.07 Tests were made on full size weir

3.13 | 3,15 3,35 | 320 | 3.25 | 3.36
\
GENERAL WEIR N f—so1 — GENERAL WEIR
| B DATA

MILITARY HYDROLOGY R& D BRANCH L M * Proc. A.S.C.E. May, 1928 - P. 1493 MILITARY HYDROLOGY R & D BRANCH .
WASHINGTON DISTRICT CORPS OF ENGINEERS g = JASHINGTON DISTRICT CORPS OF ENGINEER!
Prepared by date Prepared by Date
Drawn by § Drawn by .
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";‘:]F-BLE X, l(?ESl)JLTS OF TESTS - IRREGUIAR CRESTS
ues of (Cy) for use in the forml: = 1.5
A 20 Cth CHAPTER IV PIPE FLOW

SECTION A: BASIC CONSIDERATIONS

43. Definition. A pipe is a closed conduit which carries water under pres-
sure. Conduits flowing partially full are considered to be open channels and are
analyzed in Chapter V.

.375:1 44, Basic Theory a. Bernoulli's Theorem is the basis of pipe flow for-
La Grange Austi ) mulas. Bernoulli's Equation (equation 1-10), disregarding losses due to friction,
ustin " entrance, bends, contraction, and expansion (see Fig. 1, Plate 401) is:

Dam 5 Head ;1 in Fe]:at Vlz vlz V32
La G s _ —=— 4Py, +2; = 3, +P + 2, =5 +2Z,=H 4-1
rastin o 399 309 13.09 [ 3,09 2g 1 thT 2 PRy 277 * Py 3 4-1)
Yakima N 52 [ 3.63 | 3,69 . ; '
The :Jl‘:zve%val T -3'16 3.67 3.83 | 3.96 i.gg including these losses (Fig. 2, Plate 401):
ues of (C,) are in some instances believed to be high ’

because of relatively high velocity of approach. The hea ) does _—
N d (h P 2 L 2
not include the velocity head, : ! ) : ( )

2g 2g

Vaz v,
= =4 -
S % + Py +Z3+hL(Ato 3) A +hL (A to &) (4-2)
. 30 "{ b. Where Vi, Va, V3, and V, are the average velocities in the pipe
. K in the respective sections, and hy, (A to 1), by (A to 2), etc., are the losses
between (A) and (1), (A) and (2), etc. Then:

2
=Y +n (Aro1) +h (Lto2) +hy (2o 3 +h (Brod) (4-3)

ead (h) in Feet _ - 2%
1 Gate N 8 " or the total head (H) is equal to the velocity head of the issuing stream plus

Center of 3 Gates

S 6
3.23 3,32 [3.41 [3.56 [ all losses in the line above the outlet.
3.50 13.55 [3.66 |3, § c. 1If the total losses are (HL), then:
2

\ Wilson Dam s 5
‘ - gV s (4-4)
Values check the above with reasonable limits. However ’ L

is d ) N i 18 £ H - HI =Vo /%8
and the discharge controlled by means of slide gates
(3 & . : -~

Values of (C,) for use i f
q e in the formula Q = Cq (h23/2 - hl3/2)

enings b = Gate opening in Feet where V, is the velocity of the water at its exit. Since Q, the quantity of flow
3 6 8 -] "8 is constant and the areas are known at all sections, the velocity may be deter- -

2
10 12 1L mined from Q = AV.

%tﬁ?tgf 522 3.2 3.2, 3.24 3.83.3513.52 | 3.82
3 Cates -3} 3.3{3.35 3.37 3.1213.503.70 L.20 - "B 45. Hydraulic and Energy Grade Lines. The hydraulic grade line is a line
which would conmect the water surfaces in a series of open tubes were placed
GENERAL WE]R along a pipe line. The distance from the hygrazlic g;adeiline go.chetcenteriof
3* i - the pipe at any point measures the pressure head on the pipe. wing to contin-
3 g‘:g;lslffwiissgpg' 2g§33910 ’ DATA ¢ uitypeffects reflected in the velocity head, form losses at changes in section
#35t Trans,, A S.C‘E" 19 cause abrupt changes in elevation of the hydraulic grade line. Between these
os A:5.0.E., 1931 N B abrupt changes, the line slopes downward. The slope of this line is hg/L,
MILITARY HYDROLOGY R& D BRANCH where hg is the friction head loss which occurs in length L of the pipe. For
WASHINGTON DISTRICT CORPS OF ENGINEERS uniform flow, the slope of this line must also equal the slope of the energy
Prepared by Date by gradient. The energy grade line is a line passing through points which lie
Drawn by - p o= above the hydraulic grade line by an amount equal to the velocity head.

MHB- 12

PLATE 3I0

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2



Declassified in Part - Sanitized Cop oved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

46. Loss of Head. Loss of head occurs in any flow through a
pipe. The loss is caused by: (1) "pipe friction" along the straight
sections of pipe of uniform diameter and uniform roughness; and (2)
changes in velocity or direction of flow (form losses).

SECTION B: FRICTION LOSS

47. The Darcy Weisbach Equation. a. This equation is the basis of
most pipe friction calculations and is:

L y?

hf fDZg

(4-6)

£ = loss of head in feet of water

f = the friction factor
L = pipe length in feet
D = diameter in feet

b. The table on Plate 402 shows average values of "f" as given
by Fanning /1/ for the turbulent flow of water at natural ""cold-water"
temperatures in straight smooth pipes. This description probably repre-
sents the conditions of new cast-iron pipe, welded-steel pipe, wood pipe
made of planed staves, concrete pressure pipe of best quality, and cement-
lined steel pipe. ’

c. Flow in conduits not circular in cross section may be studied
by using the relationship between the hydraulic radius and diameter

4R =D (4-7)

. d. The above equation is applicable so long as the width-depth
ratio does not become excessively large or small,

48. Manning's Formula. a. Friction head loss may be obtained by
the use of Manning's Formula in the following form:

25 L n2 2 2
h,=-8_-7__ V° ve N
£ 2.2 843 2 e 25 (-8

= length of pipe in feet
= mean hydraulic radius in feet for the reach considered
b. For any given roughness factor, n, (Plate 501)
C. L
K = L _
£ 2673

Cs

c. Values of Cg¢ cotresponding to several "n" values are tabulated:
n Cg

0,010 0.00291
0:011 0.00352
0.012 0.00419
0.013 0.00492
0.014 0.00571

d. Maning’s "n" can be converted to the Darcy-Weisbach "f" factor
in circular pipes, by the following equations: 12/

¢ - 184.8 n” » (4-10)
oL

QDS (12 (4-11)
13.59

SECTION C: FORM LOSS

Form losses vary roughly as the square of the velocity,
applying variable coefficients to the vel~
in velocity and direction are given in the

49, Definition.
and they are commonly expressed by
ocity head. Losses due to changes
following paragraphs.

50. Loss of Head at Intake Racks (hp). a. The loss of head through a
trash rack would be computed by the following equation
2

by = K, %g (4-12)

h. the loss of head through the trash racks in feet
Vr the velocity in the net area of racks and supports
Ky = head. loss coefficignt through the trash racks 13/ 4-13)

1.45 = 0.45Ar - Ay
Ar is the ratio of net to gross area of racks and suppnrc:.f .
b. For a value of Ky = 0.65 the resulting value-of Ky - 0.71;-, anTw ext: 2
velocity of 2.5 ft. per second in the net area, the loss is 0.07%1 t;bscrﬁ:‘;za
five to fifty percent of the area of hand-raked racks is Ereque: ygnsmﬁrable
in practical operation where the amount of debris in thg vilgter oszg pd .
This would increase the loss in the above example from 0. to 0. .

51. Loss of Head at Entrance (he). a. The basic equation is:

=Ko ¥ (4=14)
he = Ke =
locity within the pipe at the entrance.
vhere (1) 1153 th: :;ir?:‘(;t ielation between the coefficient of discharge for short
tubes and the coefficient c?f eddy loss, Ke, 1s3

(4-15)
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Lt idual
c. The loss of head in short tubes where there is no resi
contraction of the jet (as in Figs. d, £, g, and h, Plate 202 and in thz;
sluices used in Stewart's experiments given on Plate 203) may be assumed to
be the same for similar entrances to closed conduits. The values o: Iie

£ 1 are given below.

derived from the experimental values of C, of Chapter I
Values of K, may also be taken from plate 801, Reservoir Outlet Conduits.
§. Coefficients of Eddy Loss for Eq. 4-14 /3/:

Fig. Plate Type Coefficient Kg

g 202 Short tube with sharp-cornered entrance
d 202 Short tube with rounded entrance
£ 202 Inwardly projecting tube with sharp-
cornered entrance¥
h 202 Inclined tube with sharp~cornered9;gtrance
e =

80° 0.56
70° 0.65
60° 0.73
50° 0.78
40° 0.88
30° 0.93
* Depending on distance of projection

wonowowon

52. Loss of Head Due to Expansion of Pipe section (hge) and (hge)‘
a. For sudden expansion:

2
v -
hge = Kge 5= (4-16)

where

K =11 (4-17)
se

where Al and A, are the areas of the smaller and larger sectionms, respec=

tively. The value of (V) for use in Eq. 4-16 is that in the smaller section.

/3/ For sudden enlargements in open conduits and for the junction of 2
closed and open conduit:

A2
A2

For square enlargements c=0.75

For enlargements with each side set at a 30-
degree angle with the flume axis C

For perfectly designed enlargement transitions C

0.50
0.25

the value of (V) for use in Eq. 4-16 is that in the smaller section.

Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

b. For gradual expansion:

2
= v -

hge = Kge 7 (4-19)

2

Kge = 1- A_l sin © (4-20)
Az

where (@) is the angle between the axis of the pipe and the surface of the pipe.

The value of (V) for use in Eq. 4-19 is that in the smaller section. /3/

53. Loss of Head Due to Any Obstruction in Pipes. The most common
obstructions in pipes are valves partially open. The following formula, how-
ever, should apply approximately to any obstruction:

by = Ky ﬁ (4-21)
2g

where V = the velocity in the pipe in ft./sec. Values for Ky for ratios of the
area of the opening in the obstruction to the area of the pipe are plotted on
Plate 403. /1/ Loss of head through valves is discussed further in Chapter IX.

54. Losses Due to Contraction of Pipe section (hgc). a. For sudden
contraction:

v2
‘ hse = Ksc 73 (4-22)

where (V) is the velocity in the smaller pipe. Values of Kgc may be taken from
Figure 3, Plate 40l. /3/" Losses due to gradual contraction are negligible.

55, Loss of Head Due to Bends (hp). a. Relatively Small Conduit:
by = Ky Lo (4-23)
b = Kp 52 -

values of Kp may be taken from Fig. 1, Plate 404, for 90° bends. Values of Ky
for other than 90° bends may be obtained by finding the Kp for a 90° bend from H
Fig. 1, Plate 404, and multiplying by the correction factor obtained from Fig. 2, |
Plate 404, Fifty percent should be added to the values of Kp from Fig. 1 for
screwed pipe elbows on account of the sudden enlargement and contraction in such
fittings. For open conduits, use one-half the computed value of Kp. The vel~
ocity (V) is the mean velocity head in the bend. Another formula has been rec-
omended /4/ in which Kj varies uniformly with depth from 0.125 (L /909)%+2 at
zexo depth to 0.25 ( /900)0.5 at full depth. is the deflection angle of
the bend in degrees. Values of Ky for use in Eq. 4-23 give the loss in excess
of that which would occur in a straight pipe of equal length.

b. For a relatively large conduits and tunnels, see Par. 167,
Chapter VIII, Reservoir Outlet Conduits.

56, Loss of Head Due to Fittings (hy). a. The basic equation is:
hy = K; i (4=~24)
y Y 28

b. Recommended /3/ values of Ky for miscellaneous fittings are given
in Fig. 3, Plate 404. These values are for all the flow in one direction. For
uniting or dividing flow in such fittings, Ky may be obtained from Pldte 405 /5/.

29
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Par. 56b

The notation used is indicated on Fig. 1, Plate 405, for the case of separ-
ation of the main stream and on Fig. 2, Plate 405, for the unification of
the stream of a branch with that of a straight run. The diameter of the
straight run of pipe, D, is constant throughout and the diameter of the
branch is denoted by Dy: The following notations apply to Figs. 1 and 2,
Plate 405: N
= total discharge in straight run of pipe
= diameter of straight run of pipe
= velocity corresponding to Q in a straight run of pipe
= discharge carried by branch pipe
velocity corresponding to Qy in branch pipe
diameter of branch pipe
Ky ¥2 = loss of head at entrance to branch pipe in case
78 of divergent flow, or loss of head in straight
run just beyond junction of branch pipe in case
of convergent flow.
Ky= coefficient determined by experiment for divergent flow
or for convergent flow.
© = angle of divergence or convergence in degrees.

c. Values in the tables are for pipes with sharp-edged junc-
tions and for pipes with rounded junctions where the radius of rounding
was 0.1 Dy.

57. Loss of Head Due to Exit (hg). a. Loss of head at the outlet

of a pipe is a special case of enlargement where the velocity in the second
pipe is zero, or

02 y2
Lost head (hg) = 1"—22)— - Z_g (4-25)

b. .The loss of head coefficient is unity.

SECTION D: PIPE SYSTEMS

58. Simpl¢ Flow. a. Three types of problems are encountered in the
computation of simple pipe flow; they may be outlined as follows: /6/

Given Required
(1) D,L,Q orV, andn or £ he
(2) hgD, L, and noor £ QorvV
(3) hg, Q, L, and n or £ D
b. For the first type, where the head loss is required, substi-
tution in Eq. 4-6 yields the head loss.

c. For the second type, where the velocity or discharge is
required, compute V by Eq. 4-6 and Q = AV.

d. For the third type, where the diameter is required, the

following solution gives approximate pipe sizes. Through continuity, V is
related to D and Q:

v = 1:"'“,;2 (4-26)
30

Par. 58d

substituting in Eq. 4=6:

5 = BfL Q2 (4-27)
hfg 2

or substituting:

_ 184.8 n?
bL/3

2 2
pl6/3 = 4.65 L‘lh_fn_ (4-28)

£

e. Approximate pipe sizes and solutions to simple flow proble.m.s can
also be taken directly from the diagrams on Plates 406 and 407.

. -pipes- of-diffexent types_and sizes
. Series Pipes. a. When two or more

are ca:iecced together in series, the discharge for steady flow conditi;nihis hz!:;
s;me in each pipe. The head loss for a series pipe system is the sum o

dividual pipe. .
Losses fo :'.th:.:c‘v t;pes ofppl;oblems are encountered in series pipe sysl:ems.i
one in which the head loss is required for ahgh;en discharge and the other in

e-1is required for a given head. , o .
vhieh the discmzl]} Deter:ining Head Loss for a Given Discharge. When “the
discharge is known in a series pipe system, the velocities and the velecéty
heads are lmmedid yobtaimeble by-the law.of_coptinuity. The ;_ari_.mixs. o;m’
lﬁsses and friction losses are expresseil ;u Zezlzticrns Bli ::L;ﬁ:z:z:

b ty head, Therefore, the total head loss wou

:.:: zir:t ille:he losses due’to friction and the various fittings. The total
head loss would be expressed as follows:

. 4=29
B, = (Reteo.Hg) V12/28 + (Kgheo #Ksc) V22 e ’
(Kt . . #Kge) Vo*/28

for each size of

etc., are the various loss coefficients

w?eze Ks, K{'r, K:‘é::., ax; the velocities in each section of pipe in theds:: .

sygt;m 1;:: gl’wuld be noted that equation 4-29 expresses the total head loss in

; total head.

the eysten sad ?g; ﬂl;:termiuing Discharge for a Given Head. When the total lzead

{s known for a series pipe system, the discharge w;uld beddi;?zi:;::b{nﬁﬁiﬁg
11 equation between the inlet water sur ace an :

;1{; 2§:nz:terve:1ng losses. The total head would be equal to the su: ag th;h .

total head loss determined by equation 4-29 andlléh: O:ti.et;m‘;::igcif.:gm ::e.seo-

fficients wou e dete:
various form and friction loss coe ernin Tom e B
but the velocities would not be known
Ty O e P iren. The & locity in a pipe f ditions of steady
pipe for con
tion of the system. The average veloclity pe for o ometore, the
sely proportional to the cross-sectiona. . 5
jg‘c;'ci:yi;‘x‘:;s i}l Ehepnemoullt equation would be expressed in terms of the
outlet velocity head as follows:

Vi2/28 = (Ao/Ap? Vo2/28 = @o/op)* Ve2/28 -39

31
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Par. 59b(2)

where

the average velocity in any section of the pipe system

the average velocity in the outlet section

the cross-sectional area of any section of pipe
corresponding to Vy

the cross-sectional area of the outlet pipe section
corresponding to V,

the diameter of any section of pipe corresponding to V;

the diameter of the outlet pipe section

Expressing each velocity head in terms of the outlet velocity head, by
2q\]};ticn 4=30, the total head would be determined from equation 4-29 as
ollows:

H = Hp + V,2/28 (4-31)
where '
H = the total head of the system
Vo2/2g = the outlet velocity head
Hp = the total head loss of the system

c. Equivalent Lengths. Sefies problems may also be solved by
using the principle of equivalent lengths ( see Plate 409). The form losses
including entrance and exit, are expressed as equivalent lengths of one size’
pipe. Equating the Darcy-Weisbach formula to the form-loss expression

v2
K32 (4-32)
from which
Le
Iy
wheli.'e L, is the equivalent length of straight pipe of diameter D and
resistance coefficient "f" for which hf = h i
. 1. The equivalent length in
d;ameters is thus equal to the ratio K/f. Where f is known withiﬁ reason=
ad‘]ie limits, the form losses can be expressed as equivalent length and
; edito the actual length-of conduit in order to simplify the calculations.
y u; ng the same principle, a pipe of given length, diameter, form, and
;ogg ness may be said to be equivalent to a different pipe if the overall
edd losses for the two pipes are the same for a given discharge.

= (4=33)

lzf.ne p:géllzir:rlxéecl:oirileii;d ::: aiteizs::.:gd?;ieptieiii::a::azﬁic;12: i:y i-‘

city. Two types of problems are encountered /6/: e

elevation of the(iidrzziicozrgzzegi:izi i:zw:aziclitliz ;in:io:y:;:::?en che

the pipes agd tht(aZlor:::;oﬁfli:zt:::;ni:gg:::edﬁxj;:.wn of @ given £low anong
. In parallel pipe problems

t:zSp::aﬂ-i1?;5::_:;356:1:2111);1?1‘;_lpx by =(s§§3])?fg;n§)t::agzsigiléet:kexrgﬁ::

@=0 + oyt - qual the discharge in the entrance and exit lines

32

Par. 60c

c. For the first type of problem (Plate 411), solve for the discharge
in each pipe corresponding to the given drop in head and then add the discharges.
d. For the second type (Plate 412), proceed as follows:
(1) Assume a discharge, Ql', in one pipe and compute the corres-
ponding drop in head.
(2) Using this drop, compute the discharges Q' Q3'see.s In
the other pipes.
(3) Apportion the given total discharge Q among the pipes in
the same ratic as the computed trial discharges; that is,

q = *Q o, =22 %9
1 v v v 2 v 0 0
Q' +Q, +0Q . Q' +0Q, + Q'+ ..

(4) Using the values Q;, Qp, Q35 +-+» obtained in this manner,
compute the head loss along each pipe. If the results are not within the
desired degree of accuracy, repeat the procedure using one of the new discharges.

61, Branching Pipes. a. The example typified by the "three-
reservoir" problem of Fig. 3, Plate 408, is solved advantageously by application
of hydraulic grade line principles /6/. The problem is to find the rate of flow
through each pipe for particular elevations of the reservoir when lengths, dia-
meters, and type of pipe are known. The hydraulic grade lines coincide with the
water surface in each reservoir, and the slopes of these lines and the flow con-
ditions are determined by the magnitude of the pressure head at the junction.
The continuity equation may take either of the two forms:

Q =Q +Q3 or Q +Q2 =03
depending on whether the elevation of the hydraulic grade line at the junction
point is greater or less than the elevation of B. The computation of the dis-

charge for the example given in Fig. 3, Plate 408, and Plate 413, would be as

follows:
Assume the elevation of the hydraulic grade line at J

(1]
(see Plate 408).
(2) Compute Q;, Qp» and Qg for this assumed condition
(3) 1If continuity requirements are satisfied, the problem is

solved
(4) 1If the flow into the junction does not equal the flow out of

the junction, make a new assumption of the grade-line elevation at the junction,
raising the grade line at the junction point for greater flow in than out and
lowering the grade line for less flow in than out
(5) Repeat the foregoing procedure until the continuity equa-

tion is satisfied

b. The same procedure is followed with moxe than three reservoirs.
If they do not have a common junction, the elevation of the hydraulic grade
line may be assumed at ome junction point, and the corrésponding discharges
from the nearest two reservoirs may be computed. With these values, the ele-
vation of the grade line may be computed at the second junction. If the con-
tinuity conditions at the second junction are not satisfied, a new assumption
at the first junction must be made and the process repeated.
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62. Examples. Several examples are given illustrating the method
of computing the discharge and heads for various pipe systems.

a. Plate 408 depicts three pipe systems that are used as
examples in later plates.

b. Plate 409 gives an example of two pipes in series conmnect-
ing two reservoirs. The discharge is determined for a given total head
by three methods: (1) solution of Bernoulli's Equation, (2) solution by
equivalent lengths, and (3) solution by diagram.

c. Plate 410 shows the method of computing the discharge for
a given head through a series pipe system with various fittings and pipe
sizes,

Hy (Ato4)
Date,

PIPE FLOW
DATA

d. Plate 411 gives an example of the method of determining
the discharge through a system of three pipes connected in parallel for a
given head loss. The discharge is determined by two methods, (1) so-
lution by the Darcy-Weisbach Equation, and (2) solution by diagram.

e. Plate 412 shows the method of determining the head loss for
a given discharge through a parallel pipe system. The head loss was de-
termined by the Darcy-Weisbach Equation and by diagram.

£. Plate 413 shows the method of determining the discharge from
three reservoirs connected by a series of branching pipes of different sizes
and lengths.

MILITARY HYDROLOGY R & D BRANGH
WASHINGTON DISTRICT CORPS OF ENGINEE!
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VALUES OF K
VALUES OF K FOR SUPDEN CONTRACTIONS
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IV CLOSED CONDUITS
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in inches

Diazeter of Pipe

Mean Velocity (V) in Feet per Second

0.5

1.0

2,0

3.0 | L0 [5.0 |20,0 [15.0

1,
i

1
1/2

Noh
.0k4o
.038

034
<033

,027
026
.02l

.021
.019
.018
.016

.015
.01l
.01
.013
.012

0.038
£037
.035
034
.033

«032
.031
.030
.029
.028

.026
,025
.02l
.023
2022

#022
«020
019
.017
.016

015
.01}
.013
.012
.012

0.03L
2033
.032
.031
.030

.029
.028
027
026
.025

.02l
.023
022
022
+021

.020
.019
.018
.017
.016

015
.01l
.013
.012
.011

0,032 10.030 [0.029 |0.025 0,02l
.031| .029 | ,028] .025 | ,02l
.030 ,028 | ,027] .02l
.029 | ,028| ,027( .02
.028 | ,027 | ,026| .02}

027 | ,026 | ,025| .023
L0261 ,026 | ,025] .023
£0261 .025 | .02k | ,022
025 | .02k | ,024| .022
.02l | .023 | ,023| 021

.023] .022 | .022 ,021
£022 [ ,022 | ,021| ,020
20221 ,021 | ,021| .020
«021 | ,020 | .020] ,019
«020 | .020 | .020 | ,019

4020 [ ,019 | ,019 | ,018
.019 | ,018 | .018| ,018
018 | .017 | ,017 | ,017
2016 | 016 | ,016] .016
4015 | ,015 [ ,015 | 015 RN

4015 | 4Ok | JO1k | .01k +01h
.01k | ,o1k | .01k | 013 013
.013|,013 | .013| ,013 .012
.012 | ,012 | ,012| ,012 | .012 | ,012
.011 | ,011 |.011| ,011 | .O11 | .011

2
VAIUES OF 1 1IN TWE DARCY-VETSBACK FORMULA, hg = f %}%E

For water flowing in straight smooth pipe

DARCY -WEISBACH
COEFFICIENT
MILITARY HYDROLOGY R& D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date

PLATE 402

3

Ao/A = RATIO OF
AREA OF OPENING IN OBSTRLC TION
AREA OF PIPE

VELOCITY HEAD COEFFICIENTS
FOR OBSTRUCTIONS

MILITARY HYDROLOGY R & D BRANCH ~
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date

Drawnby PLATE 403
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FOR VARIOUS

100 150
Fig. 2
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Degree of Bend
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o°5x7§¢ = Sanad (06 W04 0 Swal NI

]
4,

20

Probable Value

1!

I
[

10

5

=
.
—

PLATE 404

% d0 anmva

1

.
o

A J0 INTVA

5

DEGREE OF ‘ENDS IN TERMS

OF K, FOR 90° BENDS

VALUE OF X,

3

BEND LOSS
COEFFICIENTS
MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEER

Prepared by

/L
< Ky= 0.05

Ratio of radius of bend to diameter of the conduit
RECOMMENDED VALUES OF ]%FOR 90° BENDS IN CLOSED CONDUITS
Fige 1

Fig. 3

REGOMMENDED VALUES OF K?;F‘OR MLSCELLANEQUS FITTINGS
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Defts

Divergence ©

Qy/Q = 0.3

Qy/G = 0.5 Qy/Q = 0.7

Sharp-
edged

Rounded
r=0,1 Dy

Sharp- Rounded

Sharp- | Rounded
edged [r=0,1 Dy

edged [r=0,1 Dy

90

4
i

D
0.3y
0.76

=D D =D =D
Vy = 0,5 0.7V | Vy = 0.7V | Vy = 0,7V

Ky = 0,87 0.7 | Ky = 1.0 | Ky = 0.8

60

W
Ky

=D 0.790Dy =D .| Dy =D
=0, 0.8V | Vy = 0.7V | Vy = 0.7V
=0

)

.59 0.5 [ Ky = 0.57 | Ky = 0,52
0,750 Dy = D Dy =D
0.5Y 0,9V | Vy = 0.7V| Vy = 0.7V
0.32 0.32

Ky = 0.3 | Ky = 0.3

TABLE 1 - SEPARATION OF TWO STREAMS

Angle
of

Conggrgegce
| _Deg. 5 |

60

Qy/Q = 0.3

Qy/Q = 0.5

Sharp-edged|

Ky = 0,175

Rounded

Sharp-edged| Rounded

= 0,58D |Dy = 0,58D
y = L5V | Vy = 157
v = 0,637 [Ky = 0,563

L5

Dy = 0.58D
Vy = 0.9V
K = 0.2

Dy = 0.58D
Vy = 1.5V

14

Gy/Q =

1.0

Sharp-edged

Rounded [ Sharp-edged| Rounded

= 0.58D
% = 2,0V

= 0.,58D =D Dy

3’; = 2,0V 1\2 =V Vi

Ky = 0,655 Ky = 0.6L5 |Ky
y = D

Ky = 0,715
D

Dy

Vy = 0.7V

Ky = 0.5k

D D Dy
3“,’, o.v | vy
Ky = 0.525 [Ky

v
0.38 |[Ky

TABLE 2 - UNIFICATION OF TWO STREAMS

(r = 0.1 Dy)

Q,V,D

DIVERGING & CONVERGING
PIPE COEFFICIENTS

MILITARY HYDROLOGY R & D BRANCH

. |WASHINGTON DISTRICT CORPS OF ENGINEERS
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Drawn by
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DIAGRAM FOR SOLVING MANNING'S FORMULA
LARGE PIFES

L0000/~

3
Cu. Ft. per Sec.
UL LN
3

Slope for n = 0.013
Slope for n = 0.015
Velocity, Ft. per Sec.
T T T

©
Velocity, Ft. per Sec.
T T

Diameter of’ Pipe, In.

Slope for n = 0.013

Slope for n = 0.015
LA LR RAR

Million Gallons Daily

EY
5

»
S

DIAGRAN FOR SOLVING MANNING'S FORMULA
SMALL PIPES

| L R
S

PIPE FLOW : . t':'gﬁ ol:éLRo/lliva
NOMOGRAPH

MILITARY HYDROLOGY R & D BRANCH
oy HIDROLOGY R & D BRANCH ) ) WASHINGTON DISTRICT CORPS OF ENGINEERS
wg:;gg%r: DISTRICT CORPS OF ENGINEERS _ Prepared by Date

Date Drawn by © PLA
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DETERMINATION OF THE GAPACITY OF A SERIES PIPE SYSTEM
EXPLANATION OF COMPUTATIONS
INITIAL DATA

Assumed physical data for the pipe problem.

SOLUTION BY BERNOULLI EQUATION
The Bernoulli equation was written from one reservoir sur-
face to the other and jncluded all the losses, H = 12!, from
Ttem 3; Kg = 0056, from Pare 51; £, = 0,025 and £ = 0.027

were computed from equation 4=103 %rom Plate 401 ,Zi(sc = 0422,
The subscript 1 referred to the 24" pipe.

PIPE SYSTEMS

The velocity head of the 24" pipe was expressed in terms of
the 18" pipe by equation 4=36,

Daturr mear sea level

Ttem (6) was substituted in item (5) and solved for Va.

NoTE

The discharge was computed froms

- = 2
Q=4 Vp A= (@5

SOLUTION BY EQUIVALENT LENGTHS

All losses were expressed as equivalent lengths of 24" and
18" pipe by equation 4=33,

The 18" line with form losses, equivalent in all to 1067.7
ft., of 18" pipe, was expressed as an equivalent length of
24" pipe -- that is; a length having the seme head loss for
the same discharge.

The total length of 24" pipe and equivalent length of 24"
pipe was determined as the sum of item (10) and the total
equivalent length of 24" pipe of item (9).

The velocity was computed by equation /=6, using the com-
puted equivalent length of 24" pipe of item (11).

The discharge was computed from:

Energy Gradient
Hydraulic Gradrent

=k VN
SOLUTTON BY DIAGRAM

A discharge of 8 cfs was assumed, The friction slopes were
determined from the diagram on Plate 407, knowing the dis=
charge and the pipe dismeters. The totel length of equiva-
lent pipe was computed as in item (9).. The equivalent

friction head loss was computed as the product of SLe. The

Plate 409A

Declas: il - iti; n
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CORPS OF ENGINEERS

]

Total head was computed to be 7.3l ft. which was less than
the 12 ft. head given in the problem. Two methods are
available for determining the discharge. The first would be 3 3
to assume a different discharge and repeat the above compu- €
tations until the total head equalled 12 ft. The second k
method is described in the following items,

2
2 1067.7 V2~
0.025 fe VT o 0,027 55

2 2
17 _oone Y2

! 2
The -equivalent length of 24" diameter pipe that has the same . 2 " pi
loss as the 18" pipe was determined as follows: i 2 x 1067.7 0,027 = 4B65.5 ft. of 24" pipe

: L = —40.316 % 1.5  0.025
Equivalent length of 2l pipe
i 14865.5 4 1000 # 4,8 = 59103 ft. of 24" pipe

3 Yﬁ vy = 3.2 ft/sec
2g

hy of 18" pipe (Col. 5, Item 1))
12 = 0,025 22022

S of 24" pipe (Col. 3, Item 1))
- 24 = 10,2 cfs
 em § Q =T/k xbkx3

0.0013 SOLUTION BY DIAGRAM

_E = hé,o,o It Ef_Z_h!' pipe First Trial

e " Sianater

5 - o V-LG T
Total length of equivalent 24" pipe was determined as the
N oLl 8
sun of the lengths of item (15) and the total length of : 8 2 0'2212 1067-7
equivalent 24" pipe of item (9) 8 18 04005 Total head

Total I, = 4600 + 1043
= 5645 ft.

The slope for the total equivalent le i i

h ngth of pipe of it
(16) was determined from the total head of it}e)mp(B) as o
follows:

"
The jvalent length of 24" pipe with the same logses as the 18
e equ:
pipe = _5:98 = 600 ft.
0,0013

= 1045 = 5645 Tt
Total length of equivalent 24" pipe 4600 + 5

. . t ter and new slope.

s=5 - 12 . 0,00013 Enter pipe diagram with 24" diemeter

Enter th Te 5OLS Diameter = 2“"0213
er the pipe diagram (Plate L06) with the 2" di Slope 0.0

and a slope of 0,00213 and read the dischargehof 1811lle¢ti§s Q = 10.4 cfs

When the pipe syst,e%n is long,
should be used to simplify the
using the total equivalent leng

the actual pipe lengths
computations instead of
ths due to the form losses.

_ SERIES PIPE
Plate 109 B ) EXAMPLE

MILITARY HYDROLOGY R & D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS
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DEPARTMENT OF THE ARMY
CORPS OF ENGINEERS
DETERMINATION OF THE CAPACITY OF A SERIES PIPE SYSTEM Item
_ 2
2
Iten (10) 0.025 ' Vi 0,027 mi?j 7
INITIAL DATA Z % 25 2
(1) Two concrete pressure pipes in series (Fig., 1, Plate 4403) 24" and as v.2 2
18" diameters. 1 - 0,36 Y2~
2 2
(2) Length = 1000 ft. each L= 2 x 2067.7 0,027 - 14865.5 ft. of 24" pipe
i 0. . 0,02
(3) Difference in reservoir surface levels = 12,0! 316 x 1.5 3
(L) Coefficient of roughness n = 0,013 (v 486545 "L 1000 ,L 8 2 5910.3 L. of 24" pipe
* 2
= 5910.3 Vit Vy = 3.24 ft
SOLUTION BY BERNOULLIEQUATION (2) 12 0.025 2 2g 1 3 /Bec
P R T B TR e i a2 @ =T/h x b x 32k 0.2 ofs
e % 1D 2¢ 8¢ 75 D, 28 73
2 2 . SOLUTION BY DIAGRAM
—_— . . .. e pm I 2., v, 2t
v 0s6 Y12 70075 % 1900 T H&%@a+-wm~1§%—2§-*—f;~ -ty ———PiTEtTriml - - -
2 € Q Diameter s Le H = equiv, by
2 2
(6) W st v ,? 8 240 0.0013 1044.8 1.36
~ . 2 = o, . . .
Lo (1.5/2) o= = 0ne = 8 18" 0.0056 1067,7 5,98
2g -3 € Total head = 7.34 ft.
2
v [ 1000 1000 (15) The equivalent length of 24" pipe with the same losses as the 18"
2" [0.56 x 04316 £ (0,025 x 13%) x 0.316 # 0,22 # 0,027 =T~ + 1] qu: eng pip
(7 L= Z t > . . s T T o 00 ot.
v. 2 0,0013
12 = 23,367 Y2 V, = 5.7 ft[sec
2g (16) Total length of equivalent 24" pipe = 4600 4 1045 = 56W45 ft.
(8) Q= % x (1-5)2 x 5,7 = 10,1 cfs (17) Enter pipe diagram with 24" diameter and new slope.
Diameter = 24"
SOLUTION BY EQUIVALENT LENGTHS Slope = 0,00213
Q = 10.4 cfs
(9) For 24" Pipe
0 0,56 2=
Entrance to 24" pipe Ly = i—D = —sj.a?“ = bt
Equivalent length for loss in 24" pipe = L8
Total length of equivalent 24" pipe = 1044.8
For 18" Pipe
. XKD _ 0.22 x 1.5 _ 12,2
Contraction 18" pipe Ly =% ~ " g.0z7
Exit = 1.0x1.5 = 55.5 SERIES PIPE
e 0,027 -
- 67.7
Equivalent length for loss in 18" pipe = 7 EXAMPLE
Total length of equivalent 18" pipe 1067.7 MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
Drawn by

PLATE 409C
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DETERMIKATION OF THE DIVISIUN OF THE FIOW AND THE DROP IN GRADE
a8 % &% w i 18 A PARALLEL PIVE SYSTEM
R g ; o v
. g J 4% a w
A= g FEEEN * par]
8 z g y t . a - .
n& 2 n - = 1ITIAL DATA 1ten
@ 2 .
Kl g % g w Lseg
Eg B = P N - a9 (1) Assuped physical data for the pipe proviea (7) Ustog the velues Qy, Qz, Q3. «--. tho head lose along each pipe
a o g L™ X g - X _ was computed. The results vere sufficiently acourate ard the
58 g om o8 4 o g . d. I W CORPUTATLUL BY BARGY - WEISBACH RUULA P A
= 3 82 ¢® 8 2 ¢ & &
EH g g 5083 23y 355 9% © (40 A roasonable valus of G vas sssused. The mucber of triad souwion B DuAGEAR
%g ~ I b A & 0w o “ P3 depended upon the validity of tho assured value. @ see 10 0
S = o g 8 8 gn N o0 tten
<B = & =2 P Kol I £ 4 da o (5) The drop in hend ke was couputed by Eq. 4-6. f1 vas computed ) . snoe
58 o 3 2 8 I - I fron k. 110 (seo Tten (4), Plate 411). (9/A)? vas substi=  (9) Tron the dinerem, Plsto 406, for Dy = 20! ana Q' « 5.00 cft,
;E = E 335 8 % g seowe woug oS Foroeown tuted for V7. Using the sase bead lovs for hyy acd hey, Q' 5) = 0.00135 and by(A to B) « 0.00135 % zim‘r - 341»"“; e
g 2 S X A o~ o o a o g head losses in o parallel system are equal in each branch, S’
8 S a g and Qy' v ted.
g8 3 8 &° 3 . g F¥re SgE x £ & &S St were comp and Sy vere cosputed. From the diagran. for Sp' « 0.00i2 and
e ™ o A TN =z £ & (6) The given discharge Q = 9.60 cfs vas apportioned among the pines Do s 32, Gzt » 2.30 efe. for Syt » 0.00225 and Dy« 16, Oy' =
EL I A B = § & > ettt e i st e s B0l Lo
9 F A A A8 g O < & . o R
g w e Rool” ~ 3 a'=e Q. 7% (10) O vas apportioned as in iten (6)
1 > = Y o, 2 - - T 4 Oy e
I < g g Sl =@ S Q'Y ae Yy (11) From the dtagraa, using values of Q) Qz, Q3 and corresponding
z3 -8 g o M ok[xooW| o values of Dy, Dy, Dy values vere rend for Sy, Sz, So. The
& aA S ) Slop 8NN g g 8 3 head loss vas equal to 5 x L  The values checked
g8 % oe 88 FewEM gaw 583 _
£= < 3 CE o s s o comumaTIons
RE] 2 24 d5g © & 2 vow o Ites [— SOLUTION BY DIAGRAM
2 9 - - - d g ] 2 e wo VITIAL AT
@ 2 88 5 & % 89 o S 3 H NS
8 3 & : .
I 7o ” ° B S S B - (1) The flow ¢ at A aud 3 (Fig. 2. Plate 40B) 18 9 60 cfs. (8) Ascupe Q) £ 5.0 ofs .
< 3% W o . . R . "
4 fe & &0 ooe D a W W o (2) Three concrete prossuse pipes in parallel. n = 0.013 (9) Diomoter Leneth L
h “ ~ @ oy ‘ : 0.00135 x 2500 Q) ¢ 5.00 cfs
3 9y« 200 1y - 2,500t 200 2500 5} = 0.00135 530 %
] ) = 2 .2 3 < e 2,30 cfs
g I = = Dy« 227 1,s 800 220 w0 sy - 2520 o0k 2338 g 2.3
E RG] 2 [ = 26 i = 1,500 s - 3.70 ofs
G z S 3 } Dy = 16 A P o g3
SOLUTION BY DARCY-VEISBACH FORMULA 5 @notal = 11.00 cfs
1 - W) Q' = 5.0cfe 2
S .
28 o m(_Z.ﬁl 3.8 (10, Q « 3:029:6« .36 efe
. By - (51 ny = 0026 230 SRS . ,
> : ESs 3 Q)+ 5.0t
“ 1
b % o3 » @ 2.00 cfs
s - .
& 3 2 §.% e oo — (o I2¢ Q) = 2.26 cfa
- 2 & - o 1212 1 .75 , Q= LW 596 3.2 cfs
3 2 LY 2 Q3 = 3.5 ofs we . T
8 P X e 1,500 ¢ @ I
g E Y Xt - 56« oo 250 (LY e . ot « 9.59 ofn
§ H 3 . 9 4% 8 16/12 \ 1.40 Q70tal 10.80 efs
4 & 3 LT §3%
] H Check by diagram
2 £33 I ¢ ied (€ o« 30526 o usone (11) Check by dia:
H = PR - ’ o SxLr0.00 x 2500 - 250"
8 e @ = ¥y
‘é iE g i &Y 8§35 2.00 cfa S xLe 0.0032 x 600 = 2.56"
E 3 s x g4 a )
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CHAPTER V
OPEN CHANNELS

SECTION A: PRELIMINARY CONSIDERATIONS

EXAMPLE

64. Applications. The military hydrologist is concerned with prob-
lems in which the water flows with a free surface at atmospheric pres-
sure as well as with problems of pressure flow in a closed conduit.

Flow with a free water surface is termed open channel flow. Open chan-
nel flow problems include the computation of water surface profiles

over spillways, through outlet conduits, or down chutes; the backwater
effect of reservoirs or stillwater barriers; and the computation of open

river rating curves.

0 ft. per second
0 Vo'
2

8.02 ft. per second
160
667

3 = 5.0 ft. per second
Q + Qp does not equal Q3
BRANCHING PIPE

Reservoir W.S. elev.
1

hy = 0.027 x X

12y
3
Q = 6.33 cfs
0.50 ef;
Q2 - 833 o
= 0.6%

6.9 ofs
Q3= 6.79 cfs

65. Fundamentals. a. The prime difference between closed conduit
flow as described in Chapter IV, and open channel flow, is the unique
situation in which the boundary is no longer the prime governing factor
in determining the pattern of flow. In problems of pipe flow, the pres-
sure drop along the pipe in the direction of flow, depends on the energy
losses and the condition at the ends of the pipe. Open channel flow,
however, is characterized by the fact that the pressure /1/ is constant
along the free surface and, therefore, the pressure variations within
the fluid are basically determined by the principals of hydrostatics.
The principals of hydrostatic pressure distribution does not hold for
sharply divergent, convergent or curved flow as will be discussed later
in this chapter.

b. Open channel flow may be laminar or turbulent, steady or
unsteady, uniform or varied, tranquil or rapid. This chapter will not
consider laminar flow as it has only minor application for military hy-
drology purposes. Also the problem of unsteady flow was not considered
as it is covered in other bulletins of this series.

INITIAL DATA

hssune Elevation of hydraulic gradient at J = 58 ft. msl

0.020 x 2000 ¥
1 and f3 = 0.020; £5 = 0.027

0
3

Assume Elevation of hydraulic gradient at J = 60 ft. msl.,
0
3

COMPUTATIONS TO FIND Q1. Q2 and Q3
trial friction factors f1 and f3 = 0.020.

="
1.40 x 5.0
1

DETERMINATION OF RATE GF FIOW IN BRAMNCHING PIFES

100(6.83 - 6.79)/6.79

11 V12

by

1.41 £t/sec

= 2000
8t Trial.
4.86 £t/sec

Given the smooth pipe system shown in Figure 3, Plate 408.

Assume entrance and junction losses negligable.

Q = AjV) = 0.785 x 8.02 = 6.3 cfs

Iy

12 = 1600

13 = 6000*

F

he = £

Q = 0 cfs

Q3 = Ag¥y

Second Trial.

h) = 0.020 x 2000
Vy = 8.2 ft/sec
V2

]

Error

(1)

(2)
(3]

()
(s)

66. Scope. This chapter will explain the fundamental principals
of open channel flow as applied to military hydrology. The second sec-
tion of this chapter discusses the principals of uniform flow as deter=
mined by the Manning formula. The parameters of normal depth and criti-
cal depth, as well as the critical slope, are explained and illustrated
by an example. The varied flow equation with its limitations is dis-
cussed in Section C. The twelve types of water surface profiles are
classified and a procedure for profile analysis is discussed. The fourth
section discusses the computation procedure to determine a backwater
curve in a natural water course Or a prismatic canal. The method of com-
puting a tailwater rating curve in an open channel is also discussed in
Section D. The hydraulic jump is discussed in Section E with the method
of computing the jump in a rectangular and non-rectangular channel. Two
examples were given: one showing the method of computing the M(y) func-
tion curve, and the other as a comprehensive example of determining the
water surface profile in an outlet conduit with the hydraulic jump.

3 vas detersined as the differ-
reservoir water

ugh the pipe system was

ollowing steps:
was computed by equation 4-6, to

be B.02 feet per second and 5.0 feet per second, respectively.

INITIAL DATA

EXPLANATION OF COMPUTATIONS
The elevation of the hydraulic gradient vas

COMPUTATIONS 10 FIND Q), Q2 and Q3

The discharge thro

described in the f
The computations were the same s in steps 1-7 above

DETERMIMATION OF RATE OF FLOW IN BRANCHING PIFES

The discharge was computed for each pipe line as the product
of tho velocity in step 4 and the cross sectional area

The discharge into the junction did not equal the discharge
awey from the junction, therefore, & new elevation of the
hydraulic gradient was assumed.

neutralizing reservoir B and simplifying the computations.
of the pipe.

The assumed friction factors were checked for the computed

The trial friction factor was assumed to be 0.020 for
3
velocities and pipe diameters by Plate 402.

assumed to be 60 feet msl., in the first trial, thus
pipe line Ly and Ly.

The elevation of the hydraulic gradient at J was
surface and the assumed hydraulic gradient &t J.

The friction loss for Ly and L
ence in elevation between the

The velocity in Ly and L
assuned lower in the second trial to increase the discharge

through pipes (1) and (2) and decrease the discharge in pipe
and the discharges were found to balance within 0.6% which

Assune
d physical data for the pipe and reservoir system
was considered adequate.

First Trial.
determined as
2.

b,

5.

6

7.

Second Trial.
(3).
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SECTION B: UNIFORM FLOW

is a con-
67. Definition. Steady uniform Eliw iroxnz;;é:‘:tc:e;:;:e];:spect o
M —r it :
iti i i discharge is ¢ i
dl'tlon gfdfils?:nt:r; e 1n steady umfzmr:]?éyth:nd
:::is::nce fcrces,ate exactly bala:cedh:‘;/m:}{ebfozzﬁ;.o s%eady u;uform
face is parallel to the cl : Y rac-
?{ewwitai:l?urif ever, exists in natural z:‘ne‘n'mels,l h‘;:ivi;, ccnsf‘_ant
ti?:al purpo;es, prismatic channels of conflderable t an ]’;e one®
ross section, straight alignment, and unlf?rm slop SO e fater in
cidered to app:oach uniform flow. in treating vanece N
ihis chapter, uniform flow will be used as 2 reference.

along the channel.

68. Discharge Capacity. 2: In analyzir.xg the flow h]l_oi:tigzn
h .1 it is necessary to determine the discharges, ve. s
hopes, depths, and water surface curves.

fficients
ormula used in the ;nalysis of channel flow, where both

The basic £ tant, is the Chezy Formula:

quantity and velocity are cons

v = c@s?s (5-1)

Q = Av = A0 (5-2)

where

mean velocity in feet per second

discharge in cubic feet per second

an empirical coefficient determined from

experiment

R = hydraulic radius in feet = A/P

A = area of cross section in square feet

P = The wetted perimeter of any channel or conduit,
and is that portion of the perimeter of the
cross section of the channel or conduit in
contact with the liquid.

§ = Friction slope, or energy gradient

W

v
Q
c

b. Values of C for use in the Chezy Formula are usually com-
puted by the Manning Formula: .

o - Lo S (5-3)
n

where
n = the coefficient of roughness of the channel

c. Equations 5-1 and 5-2 thus become:

2/3g1/2
- Lage 2%/ (54

36
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Par. 68c

1.486 AR?/3s1/2
== (5-5)

69. Coefficient of Roughness. The concept of the coefficient
of roughness as determined by modern .fluid mechanics relates the
friction factors in terms of the absolute roughness and the Reynolds
Number. The Manning Formula with the Manning "a" has served as the
basis of design for many years, and has proved suitable for the de-
sign of both open and closed conduits. The Manning "n", while
empirical, has been used by the engineering profession to such an
extent that it has been the standard for general use. A great deal
of experimental data has been collected to establish the roughness
coefficient for most conditions of flow. Plate 501 /2/ lists the
values of the roughness coefficient for different materials and vari-
ous flow conditions. Plates 502 and 503 /3/ consist of a chart and
a nomograph for solving equation 5-4 in terms of the hydraulic radius,
slope, and "n".

70. Conveyance. a. The discharge in an open channel as determined
by equation 5-5 may be expressed as follows:

. [1.486 =2/3 ]51/2
n

b. The terms in the brackets are a function of the boundary
roughness, which is a constant for any specific cross section of a
channel, and the depth of the cross section. This term /4/ is called
the "conveyance" and designated as k'; therefore:

Q=" s0:3 (5-6)
where - K = 1:486 w23 5-1

c. A curve termed the conveyance may be computed for any chan=
nel cross section if the roughness coefficient is known. The area and
hydraulic radius are computed for various assumed depths and the cor-
responding value of k' found by use of equation 5-7. The values of
the conveyance are plotted against the depths of flow. The smooth
curve drawn through the plotted points is the conveyance curve.

71. Normal Depth. a. The depth of uniform flow constitutes a para=
meter that is fully determined for a given channel cross section, slope,
channel roughness, and discharge. This depth is termed the 'normal
depth" and is designated as yo. The normal depth of a given channel
is determined as follows: Compute the conveyance curve for the cross
section as described in paragraph 70. For a given discharge and
bottom slope of the chamnmel, substitute these values in equation 5-6
and solve for k'. Enter the conveyance curve with the value of k' com-
puted in equation 5-6 and read the depth of flow. This depth of flow
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Par. 7la
Par. 72a
is the normal depth for the specific discharge and the channel com- .
pletely defined as to shape, roughness, and bottom slope. ’ (3) Enter the m' function curve determined in step 1, for
b. In solving problems with varying discharges in a given I the value of m' determined in step 2, and read the depth y. This depth
canal, it is convenient to compute a normal discharge curve. This is the critical depth for the given cross section and discharge. It
curve represents the discharges of uniform flow plotted against the should be noted that the critical -depth for a given discharge is a’
noxrmal depths for a fully defined canal. The normal discharge curve function only of the channel cross section and is not affected by the
is computed as follows: Compute the conveyance curve of the cross channel slope or roughness.
section as described in paragraph 70. For various depths on the b. Critical Discharge. Water flowing in a channel at or below
conveyance curve, determine the values of the conveyance. Compute § the critical depth is described as being in a critical state. For a
the discharge by equation 5-6 from the values of the conveyance and given discharge, the critical depth, as determined above, indicates the
the bottom slope. Plot the normal discharges against the normal particular depth which makes the discharge flow in a critical state.
depths and draw the normal discharge curve of uniform flow. _ Conversely, there is in a given channel for every depth a specific dis-
charge that would flow as critical flow. This discharge is called the
72. Critical Flow. a. Critical Depth. A second parameter of . critical discharge /4/ and is designated as Qy, Qqy is determined as
flow is termed the critical depth. The critical depth /4/ is that L follows: !
depth which has a minimum specific energy for a given discharge, and
is designated as y . Since the critical depth is the depth at which

the specific energy is a minimum, then it is the depth at which the
5 N T ¥ t the
first derivative of the specific energy equation is equal to zero, A curve may be drawn with the criticel discharge plotted agains e

and is as follows: depth for a given cross section. This curve would be the values of
’ the product of 5.67 and the m' function plotted. against the depth "y'".
(5-8) y c. Critical Velocity. The velocity corresponding to the crit-
ical flow is called the critical velocity and is expressed as

Q. = m'(g)0-5 (5-11)

Q
cross-sectional area in sq. ft. ] Ve = _: = (m/hw)o-'s (5-12)

width of water surface in ft.
= discharge in cfs ” d. Critical Slope. The value of the bbttom slope /4/ required
acceleration of gravity to cause a given discharge to flow in a uniform state at the critical
y i depth is termed the critical slope and is desigxllgted S.. From the
Equation 5-8 states that the critical depth for a given discharge in 4 above definition and application of equations 5=6 and,gnlo, the eritical
any cross section is equal to that depth at which the value of A3/by slope is computed as follows:
is equal to Q“/g. The left-hand term of equation 5-8 is a Ffunction
only of the depth of flow in any given cross section. The term A3/bw N S = g[m']z N (5-13)
c

will be designated (m')2 and therefore: <,

L Since m' and k' are a function of the depth in a given tross section,
m' = A(A/b)0-3 (5-9) ) ) the critical slope can be plotted as a function of the depth.
- e. Hydraulic Properties of-Prismatic Cross Sections. Plates®
504 and 505 show the hydraulic properties of a circular cross section
(5-10) ) in dimensionless terms as a function of the properties of a full section
=] i o g or of the diameter. The curves are of assistance in computing the k' and
?:z ;%g‘flsn}c‘z::ns}zi Zineg:atwn 5-9 will be termed the m' function. s m' curves of any circular condujt. Plate 506 /5/ lists the equations of

plotted for any canal cross section as a i 1

‘ roperties of several common prismatic channels.
function of the depth "y", The critical depth is determined for an " varioss hydraulie prop :
discharge in a canal as follows: Y

or m' = Q/go.S

73. Example. An example is given on Plate 507 showing the method of
(1) Plot the value of each depth of a cross section ) conputation of the conveyance curve, the m' function curves, and the

against the value of m', as determined frdm e i ]
> quation 5-9. £ idal canal.

" (2) Determine the value of Q/g0-5 for any assumed dis- critical slope curve for a trapezoida

charge.
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SECTION C: VARIED FLOW

74. Definition. Varied flow in an open channel is a condition of
flow in which the water surface is not parallel to the bottom. Varied
flow consists of steady and unsteady non-uniform flow. Steady non-
uniform flow is a condition of flow in which the discharge is constant
at a section with respect to time, but the velocity varies with respect
to distance along the channel. Unsteady non-uniform flow in open chan-
nels is a condition of flow in which the velocity and discharge is not
constant with respect to time at a given section, nor with respect to
distance along the channel. This section will be concerned only with
steady non-uniform flow apd will not consider the problem of unsteady
flow. Gradually varied flow will be used in this chapter with the

connotation of change with respect to distance and mot with change with
respect to time. . T . B

75. Equation of Varied Flow. a, The geometry of steady non-uniform
flow is shown on Plate 102, and depicts the relationship between the
channel bottom slope, the water surface slope, and the energy gradient
or friction slope. In steady non-uniform flow /2/, the changing depth

and velocity head would be expressed in terms of th
friction slope as follows: © hocton slope and

(5-14)

S, - ﬂl._d[ﬁ].hs

° dx dx|2g
§, = the channel bottom slope
S = the energy gradient or friction slope
dy/dx = the rate of change of the depth of flow with
d ﬁ respect to distance along the channel
|28 = the rate of change of the velocity head with

respect to distance along the channel

b. Equation 5-14 is the general diffe
rential equation of

flow and is the basis for computing all water surface pgofiles ° T;:ued
of change of the velocit: r Thee

y head /4/ is normally expressed
discharge, cross-sectional area and water sur%’ac?widt: hj;nt;:r?:r:f che

Af2] .. P g
dx | 2g - Pl ax (5-15)

c. Substituting equation 5-15 in equation 5-16 and rearranging:
S 8,

2
1 - Qb /e

d
= (5-17)

_ /

Par. 74d

d. Equation 5-17 is the form of the differential equation of
varied flow that is most commonly used for computation purposes. If
the friction slope is expressed in terms of the discharge and con=
veyance by equation 5-6 and the value of the m' function is substi-
tuted in the denominator, equation 5-17 would be transformed as

follows:
ay _Se - @/ED?

o= 5 (5-18)
* 1 - 1Q/m")
g
e. If the changes in velocity head can be neglected, as is
normal for large natural streams, equation 5-18 would'be simplified
to give:

d
Lo 5, - @KH2 (5-19)

76. Limitations of Applicability of Varied Flow Equation. a. It
is important to make clear the specific conditions under which equation
5-14 is applicable. As stated in paragraph 6, under any condition of
fluid motion, if the effects of acceleration and tangential stresses
are negligible, the flow /1/ occurs with hydrostatic pressure distribu=
tion. The distribution of pressure /4/ in a cross section of an open
channel will obey the hydrostatic law, and will be affected solely by
gravity, when and only when, flow takes place in such a manner that
the fluid filaments have no acceleration components in the plane of
the cross section. These conditions are satisfied when the stream
lines have no appreciable divergence or curvature.

b. Divergent flow /4/ is defined as that condition of flow in
which the stream lines are inclined to the channel cross section. if
the angle of divergence is appreciable, the acceleration” of the fluid
filament will have components normal and parallel to the plane of the
cross section. If the component of acceleration parallel to the plane
of the cross section is appreciable it may not be neglected. Generally,
the effect of divergence is comparatively small.

c. Curvilinear flow /4/ is defined as that condition of flow in
which the stream limes are curved in the vertical plane. Flow that is
curvilinear in a concave direction would cause a centrifugal force to
act in the direction of gravity, and conversely, flov‘l,‘ in a convex
direction would cause the centrifugal force to act opposite to the
direction of gravity.

d. A flow pattern that is curvilinear in a concave direction
would therefore have a pressure distribution greater than hydrostatic
by an amount equal to the centrifugal force caused by the curvilinear
flow. The curvilinear flow pattern in a convex direction would have
less than hydrostatic pressure distribution because of the centrifugal
force acting opposite to the force of gravity. The deviations from
hydrostatic pressure distribution caused by curvature are usually
quite substantial so that when excessive curvilinear flow occurs,
equation 5-14 is not strictly applicable.
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par. 77¢(2)
par. 76e
especially subject to chance fluctuations, SO that the profile in
e. From the above discussion it should be noted that the varied Fig. (c) cannot be predicted with as much assurance as that in
flow equation is applicable only when the effects of curvature and div- > Fig. (b).
ergence are sufficiently small to make the acceleration components neg- (3) Figure (d) shows a transition from a nild slope to a
ligible in the cross-sectional plane. 5 steep slope. An M2 curve forms above the mild slope, and an S2 curve
s forms over the steep slope. The flow passes through the critical
77. wWater Surface profiles. a. The water surface profile of a depth over the change of grade. According to the ordinaxry theory, both
prismatic ehannel will change shape at each break in grade of the bottom of the backwater curves become vertical as they approach the critical
slope or change in cross section. The rate of change of the water sur- depth. Actually, the profile does not cross the critical depth ver-
face depth with respect to distance in a wide rectangular channel is 2 tically, because of the influence of the vertical components of accel-
function of three dimensionless parameters: the bottom slope, the ratio eration which are assumed negligible in the theory of the varied flow
of the normal depth to the actual depth, and the ratio of the critical equation. For the same reason, the critical depth may not occur pre-
depth to the actual depth. Various shapes of water surface profiles cisely above the change of grade. If it is necessary to know the
would be obtained by use of different combinations of the three para- exact shape of the profile in the immediate neighborhood of the break
meters discussed above. N in grade, recourse may be had to a model study. A short distance away
b. Surface Profile Classifications. The water surface, in a from the break in grade, slopes become flat and the backwater curves
channel of prismatic cross section, may take any of twelve different apply with good accuracy.
shapes /6/ as shown on plate 508. The twelve profiles are classified " (4) Figure (e) shows a change in grade from critical slope
by a letter and a number. The letters are used to classify the bottom to mild slope. A Cl curve forms over the critical slope, connecting
slope as to whether it is adverse (A), horizontal (H), less than the with the normal depth in the channel of mild slope. This represents
critical slope (M for mild), equal to the critical slope (C for crit- g a passing transition between the case of Fig. (a), in which the back-
ical), or greater than the critical slope (s for steep). The numbers

water curve extends a long distance upstream, and that of Fig. (®),
refer to the location of the water surface profile with respect to the in which the curve extends downstream (if the tailwater is shallow):
normal and critical depths, as follows: 1 for depths greater than P . (5) Figure (£) shows the change from eritical slope to
either the normal or critical depth, 2 for depths between the normal steep slope. An 82 curve forms over the steep slope, starting from the
and critical depth, and 3 for depths smaller than either the normal or critical depth over the brink. Here, again, the yvertical components of
critical depth. velocity become of importance; the sharp corner called for by the back-

¢. Changes in Grade for Straight Prismatic Channels. /2/ water curve theory would be rounded, the effect extending a short dis-
plate 509 shows the various water surface profiles that may o tance up and down stream.

break in grade for steady flow in a long prismatic channel. The first (6) Figure (g) shows a change of grade from steep to mild.
step in the analysis of the flow profiles is to compute the parameters Here different profiles may form depending upon the relative steepness
of flow of the critical depth and normal depth for a given discharge. of the two grades. 1f the normal depth on the mild slope is compar-
1f the channel cross section remains the same, the critical depth tively small, the swiftly flowing stream on the steep slope will con-
remains the same for all slopes but the normal depth varies for each tinue flowing at uniform depth right up to the change of grade, where
change in slope. Further description of individual cases follows: an M3 curve begins. This curve continues on down the mild slope, in-
(1) Figure (a) illustrates the change from a mild slope creasing in depth and decreasing in velocity until a hydraulic jump
to a flatter mild slope. The normal depth is greater for the less- forms, after which flow continues at the normal depth on the mild slope.
mild slope, and both normal depths are greater than the critical. An The location of the jump can be found by the method explained later in
Ml backwater curve forms above the mild slope at the left. It joins this paragraph. As the mild slope becomes flatter, the normal depth on
k of grade. No curve may form it increases and the jump moves upstream. When the normal depth becomes
over the lesser s ater curves in comparatively large, the jump forms upstream from the change of grade,

channels of mild slope become tangent to the normal depth in the down- and is followed by an Sl curve joining the downstream normal depth over
stream direction, and (2) the flow is deeper than the critical through-

i i the change of grade.
out, so that the break in grade can affect the profile in the upstream (7) Figure (h) shows a change of grade from a steep to crit-
direction only.

ical. Flow continues down the steep slope at its normal depth to the
(2) Figure (b) shows a break in grade from a mild slope to change of grade, 3 curve forms, extending horizontally across
a steeper mild slope. An M2 curve forms upstream from the change of to its intersection with the normal depth on the critical slope. This is
grade, and joins the normal depth line of the steeper slope. This is another transition case, the existence of which depends upon 2 delicate
also true for Fig. (c) where the change of grade is from a mild slope balance between the roughness and slope of the downstream portion of the
to a critical slope. Flow at or near the critical slope, however, is channel.
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(8) Figures (i) and (J) show the two possibilities when
there is a break in grade with steep siopes on each side. The flow is
normal down to the change of grade, after wrich an 83 curve or an S2
curve forms, depending upon whether the downstream grade is flatter or
steeper than the upstream grade,

(9) Figures k), (1), and (m) show changes from adverse
slope to mild, critical, and steep slopes, respectively. An A2 curve
forms over the adverse slope in each of them. This curve joins the
normal depth line for the mild slope, but reaches the critical depth
at the crest for the critical slope and the steep slope. An S2 curve
forms on the steep slope, while above the critical slope the flow is
at the normal depth from very near the crest. The sharp intersection
of the normal depth line and the A2 curve would, of course, be rounded.

(10) A point of particular interest about the profiles
shown in Figs. (k)» (1), and (m), is that the discharge is not fixed by
upstream channél conditions, as for all the other cases, but by the
level of the horizontal asymptote of the A2 curve. Computation of the
discharge, for a given elevation of the asymptote (Or of the water
level in a pool at the upstream end of the curve), is different for pro-
file (k) than for profiles (1) and (m). Let us consider profiles (1)
and (m) first. An approximate value of the discharge can be computed on
the basis of assumptions that there is no loss of energy up to the
crest, and that flow over the crest is at the critical depth. This ap-
proximate value of the discharge may be used to compute the value of
the normal depth on the downstream slope, to check whether the slope is
actually critical or steep, as assumed. (Until the discharge is known,
it may not be certain whether the slope is mild or steep). Having ten-
tatively determined that the flow is as shown in (1) or (m), and not
(k), the A2 curve should be computed upstream to the source of supply
at the upper end of the adverse slope. The pool level thus computed,
which should include allowance for the velocity head at the entrance to
the adverse slope, will be above the known pool elevation. 1f the dif-
ference is appreciable, a lower value should be assumed for the critical
depth at the downstrean end of the adverse slope, and the pool elevation
recomputed. The computed pool elevations will lie on each side of the
given pool elevation, if the second critical depth was chosen carefully,
so that the discharge corresponding to the given pool elevation may be
determined by interpolaticn.

(11) To determine the discharge when the profile is as
shown in Fig. (K), first find the value of the discharge corresponding
to the normal depth for which the total head at the crest is equal to
the height of the pool level above the crest, and also the value cor-
responding to another slightly smaller normal depth. Then proceed as
before, figuring pack to the pool level and interpolating to find the
correct discharge. Other methods of computation may be used for these
cases, but the procedure outiined here is as simple as any, and has
definite advantages when the discharge must be known for a range of
pool elevations.
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d. Analysis of Flow profiles. The twelve water surface pro~
files on Plate 508 may be used to advantage in the preliminary detex=
minations of the general shapes of the water-surface profiles in chane
nels of uniform cross section when there are omé OX mors changes in
grade. If the discharge /6/ is kmown or assumed, the proceduze is:

(1) Plot the grade line of the bottom of the channel to
a greatly exaggerated scale.

(2) Compute the normal deptk yo for each section of
channel of constant grade, and plot a dashed line through the length
of the section at a distance yo above the bottom.

(3) Compute the eritical depth y. and plot 2 dotted line
at a distance y. above the bottom.

(&) Locate all possible control points. These m2y oceur
(a) at the upstream end of any steep portion (if two or more adjacent
sections are steep, the control point is at the upper end of the upper-
most section); (b) at the upstream end of any long section of mild slope;}
(c) at the downstream end of any long section of steep slope; (d) at a
weir, dam, or sluice gate.

(5) starting at the critical depth over each control point
determined in (&) (@) above, trace continuous water-surface profiles up-
stream above the critical depth and downstream below the critical
depth, using only the appropriate'portions of the twelve possible back-
water curves. Trace similar profi normal depth over
each control point of type (b) and
type (c). profiles may also have to be started from type (d) controls if
there are any. The curves are sketched one by one, proceeding upstream
if the depth is greater than critical, and downstream if it is less than
critical.

(6) 1f there exist, in the partial profiles so plotted,
flows at less than critical depth overlapped by flows at greater than
critical depth, locate the hydraulic jump by finding where the depths
sequent to the high-velocity flow intersects the profile of the tran=
quil flow. The procedure outlined above is based on the assumption
that the discharge is known or can be determined from measurement.

e. Profile Analysis When the Total Head is Known. When the dis-
charge is unknown, it cannot be stated for certain whether the actual
slope is steep, mild, or critical. In the common case of flow from a
lake ox reservoir into the upper end of a channel, the discharge will
be found to depend upon the total
procedure to be followed then is t
nearest downstream point which might be a control, and to compute the
water-surface profile upstream to the lake. If the value obtained
does not agree with the known elevation of the lake surface, a dif-
ferent depth at the control is assumed, and the computation is repeated.
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par. 78

SECTION D: BACKWATER CURVES
k' = the conveyance as described in Par.- 8l.
78. Agglications. Backwater curves are required in predicting the
water-surface profile to be expected in & given channel with 2 steady
discharge. geveral problems of the type occurring in military
hydrology are the determination of the backwater effects of reservoirs
and stillwater barriers, computation of open river rating curves,
adjustments of rating curves for spillvays that have long approach
channels, and the determining of water surface pzofiles in chute 81. Cross Sections. a. In order to compute & backwater Curve,
spillways. Backwater curves are siso applicable im computing the data whic_——_-_—h determis

1 ne the conveyance of the stream channel and over=
relationship between discharge and pool elevstion in outlet conduits bank areas are necessary. jons of the overbank may be

flowing partly full. » o plotted directly from an a The shape of the
stream may be obtained from hydrographic surveys or from soundings.
Stations and cross sections are plotted on the thalweg of the stream.
Channel cross sections /7/ should be located where the
s-sectional areas begin to increase or decrease; where the rough-
ness changes, OT marked breaks in the bottom slope occursi and at reg-
ular intervals along reaches of uniform cross sections.
rivers that have average slopes of 1 foot per mile or less, cross
sections along fairly uniform reaches may be taken at intervals of a
2 _ 2 mile or more. In computing backwater curves on small tributaries that
ytz+V I2g =yp+ Vo l2F bg (5-20) have very steep slopes it is frequently desirable to take cross
. . . sections at intervals of 1/4 mile or less. Cross sections of rivers
weed in l;i‘e %i:i::i—n%g:ii::‘:‘;thunng terms gives the basic formula _ _ at flood stages generally consist of two ox more segments that have
° different values of the roughness coefficient up", The main channel
areas have a relatively low value of "n", and the one or more over=
¥y * (v,)z/zg - vlz/zg) - L(So -8) (5-21) o bank areas, because of vegetation and artificial obstructions to flow,
- have a higher "n'" value.

c. For any reach the friction head "hg" in Equation 5-20 is
equal to the mean friction slope for the reach, multiplied by the reach
length. The mean friction slope is normally computed as the mean of
the friction slopes at the ends of the reach.

79. Watex Surface Profiles. a. Water-surface profiles in channels
can be determined most Teadily by use of Bernoulli's Theorem as des=
cribed in Par. 12. The emergy of the water at an upstream cxoss
section is equal to the energy at the downstream section plus inter-
vening enexgy losses. Applying Bernoulli's Theorem between Sections

1 and 2 in Fig. 2, Plate 102:

upstream depth of water - 82. Reach Lengthe. Although the ends of reaches are usually
downstream depth of water I located at the cross sections referred to above, shorter reaches should
average velocity in upstream Cross section be taken by estimating intermediate cxoss sections when the velocity
average velocity in downstream cross section _ change in a reach exceeds 20 percent. The accuracy of results is
bottom slope usually improved by use of relatively short reaches. Although reach
slope of energy gradient long the stream thalweg, they should be
length of reach . measured along the estimated center of mass of the
flowing water when the L 11y from the stream thalweg.

[

80. Friction Head Loss. &. The friction head loss, hg in Equation
5.20 is computed by Manning's Equation: _ . 83. selection of Manning's "n'". The selection of the proper value
of "n" is important. This may be ‘accomplished by solving equation 522
1.486 2/3.1/2 for "n", when discharges corresponding to observed water surface pro=
Q= AV = _n' ART'TS (5-22) _ files are known. plate 501 gives values of "n" for average channel
conditions, and is to be used as 2 guide when values of "n" cannot be

b. Rearranging Equation 5.22, the formula for friction determined from analysis of discharge records and profiles.

slope is:

v2o? g"2 | 84. Startirg Elevation. Backwater computations should be started
s = e = * = hf/L

(5-23) ta at a poi’&’mma the water surface elevation can be def=
initely determined. This may be at a gaging station, a dam, or a

2.21"
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Par. 84

section where flow is at critical depth. If the starting elevation for
the selected discharge cannot be determined readily the following pro-
cedure would be used: Estimate the maximum probable range of starting
water-suxface elevations, for a given discharge at a section down-
stream from the desired reach. A reasonable approximation may be com~
puted by means of equation 5-22 to determine the uniform flow depth for
the conditions of roughness and slope. Assume as 2 first trial start-
ing elevation the estimated lowexr range limit, and compute a backwater
curve to the section desired. Assume a second trial starting elevation
at the upper limit of the estimated range and compute 2 backwater curve.
The same starting location and the same discharge should be used for
both computations. If the selected location is sufficiently far down-
stream and if the range of starting elevations are near the true el-
evation, the two backwater curves will merge into one before the com-
putations have progressed to the desired reach. If the backwater
curves do not merge, the starting location should be located farther
downstream and the computations repeated.

85. Computation Procedure. a. The method of computing the water
surface profile /7/ is based on the Manning Formula written in the fol-
lowing form for any cross section:

Q=K (g’ (5-26)

discharge in the reach in cfs

the conveyance of the mean cross section in the reach
hg= the friction head loss in the reach in ft.

L = the reach length in ft.

Q=
k'=

For any particular cross-sectional area, the drop i

n the ener: dient
of the reach is given by: &y gradien

2
hf =1L [—%.—] (5-25)

When the channel cross section is divided into several component parts

with different reach lengths and roughness coefficients,equation 5-25
for friction head loss becomes:

T+ Lo+ ...+ 1y
g2+ g2+ .+ (k"2

he = (5-26)

where: Ly, Ly -.- L, = the length of reach corresponding to the
component part of the total cross section
represented by each subscript number
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k' ko' oee k“‘ = the convey of the p t part of the
total cross section represented by each sub-
script number.

b. Profiles for Natural Watercourses. One method of computing
the water surface profile for a natural watexcourse is described below,
and while not an exact method, is adequate for military hydrology pur-
poses. This method is based on equation 5-24 and assumes that the
velocity-head changes in each reach are negligible. Also it will be
assumed that a mean cross section can be selected in the reach that
represents the hydraulic properties of the entire reach. It is also
tacitly assumed that the flow conditions are such that the limitations
on the applicability of the varied flow equation as described in para-
graph 76, are not exceeded. The method of computing the water surface
profile of a natural watercourse would be as follows:

(1) Divide the stream into reaches of moderate lengths as
described in paragraph 82.

(2) Select a representative cross section in each reach and
determine its location in the reach.

(3) Assume 2 trial water surface elevation at the repre-
sentative cross section of the first reach.

(4) The total fall of the water surface in the reach is
computed by use of equation 5-25 and the hydraulic properties of the
representative section at the assumed elevation.

(5) The total fall in the reach is then proportioned by the
ratio of the reach length to the mean section length to determine the
£all from the mean section to the lower end of the reach. This pro=
portioned fall is then added to the starting water surface elevation.

(6) If the trial and computed elevations check within the
desired accuracy, the total fall is then added to the starting water
surface elevation to give the water surface elevation at the upper end
of the reach.

(7) Steps (3) to (6) inclusive are repeated for each reach.
the upper water surface elevation of the first reach becomes the lower
water surface elevation of the second reach, and so on for the number
of reaches considered.

(8) The water surface elevations at the ends of each
reach are connected by a slightly curved line to give the water sur=
face profile of the stream for the given discharge.

c. Profiles For Prismatic Channels. The general differential
equation of varied flow as described in paragraph 75 may be trans-
formed into an equation of differentials in terms of the specific head
and a finite channel length as follows:

AHO
m= 5% (s-27)

1f the energy gradient is assumed to be the mean of the energy slopes
at each end of 2 reach for uniform flow then equation 5-25 would be:
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(o%/28 + v5) - (v1%/28 + y1)
So - (/K"

(5-28)

where: The subscript 1 indicates the velocity head and depth
of flow at the upstream cross section of the reach.
The subscript 2 indicates the velocity head and depth
of flow at the downstream cross section of the reach.
(Q/k')m2 is the average or mean energy slope computed
from the hydraulic properties of the cross sections
at each end of the reach.

In applying equation 5-28 the following rule should be kept in mind:
when the depth of flow is greater than critical, the computations
should be carried upstream and when the depth is less than critical,
the computations should be carried downstream. The method of computing
ihe water surface profile /8/ for.a prismatic channel would be as fol-
ows:
(1) Compute the conveyance and m' function curves of the
cross section as described in paragraphs 70 and 72, respectively.
(2? For each discharge considered, determine the normal
depth and critical depth as described in paragraphs 71 and 72.
(3) F¥om the known starting elevation and the values of
Yo and y., determine whether the computation would proceed upstream or
downstream,
Egg gssume a small change in water surface elevation.
ompute the values of the energy slope by equation 5-23
for the g1ve?6§tarting depth and the assumed depth of step (4).
The specific energy is computed for the starti
upstream depths by equation 1304. i starting and
(7) Equation 5-26 is used to determine the 1.
th of reach
that would be required to give the assumed di in th
Elow of seep (4y. umed difference in the depth of
(8) The change in the water surface ele:
. 2 vation of step (4
is plotted at the station corresponding to that computed in step (7)?

9) Ste i 5 A
is determineé.) Ps (4) to (8) are repeated until the entire profile

s?rface profiles up the river for various discharges and plotting th
discharge against the water surface elevation at the dam. The bgck-e
water computation should start from a known rating stati;n below the
dar.n ?r from a point that is a sufficient distance from the dam to

eliminate any error in the assumed starting elevation as described i
Par. 84. Assume a discharge and a reasonable starting elevation at a
point downstream from the dam and compute the backwater to the dam b;

Par. 86

the methods described in Par. 85. Repeat the above process for the
estimated range of discharges from the dam and plot the discharges
against the resulting water surface elevations.

87. Examples. a. The computation of the discharge in an irregular
channel is shown on Plate 510.
b. Plate 511 shows the method of computing a backwater curve in
a natural channel. The reach lengths, cross sections, channel rough-
ness, and starting elevations were selected by the methods given in
paragraphs 81 to 84, inclusive. Conveyance curves were plotted, but not
shown, for each section, as a function of the water surface elevation.

SECTION E: HYDRAULIC JUMP

88, Definitions.a. The hydraulic jump is a local phenomenon by means

of which flow passes in an abrupt manner from a rapid to tranquil state.
b. There are two distinct types of jumps: The shock-type and

the undular-type jumps. The shock-type jump is distinguished by its
turbulent and frothy roller which forms on the abrupt rise of the water
surface. Observed in a glass-walled flume, the shock-type jump features
an underlying expanding jet of water. The jet is covered by a surface
roller in which the particles are engaged in a circuitous motion and do
not move downstream. The undular-type jump is characteristic of jumps
of comparatively low height. It is mostly observed in natural streams
of moderately steep bottom slopes. The transition from the lower to the
upper stage features a series of undulations or small waves of diminish-
ing size.
c. In rapid flow the hydraulic jump may be caused by an obstacle
or sill in the channel, a change in the channel cross section, a decrease
in the bottom slope, or an abrupt rise in the channel bottom. In each
of these cases the initial depths would be below the critical depth and
the downstream or final depth would be above the critical depth.

89: The General Hydraulic Jump Equation. The hydraulic jump

phenomenon is analysed by the use of the laws of fluid stati.cs., impulse=
momentum, and specific energy, and the results of such analysis closely
agree with experimental observation. The decrease in the velocity of
the fluid between the upstream and downstream sections of the hydraulic
jump results in a decrease in the momentum of the fluid. The impulse
momentum law as given in Par. 13, states that the decrease in rflomentum
is caused by an unbalanced force continually acting on the fluid mass
between the sections. The unbalanced force is the difference in the
total hydrostatic force in upstream and downstream sections. From these
relationships the basic general equation for the hydraulic jump /9/ in
channels of any cross section would be as follows:

2
= oo 1_ 1 -
Ay - AL TS| K TR, (5-29)
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cross-sectional area above and below the
hydraulic jump respectively
depth below the water surface of the cen-
trold of sections Aj & Ay respectively
= discharge in cfs
= acceleration of gravity

90. The Hydraulic Jump in a Rectangular Channel. a. The hy-
draulic jump in a rectangular channel is a function of the Froude
nufiber and a ratio of the initial and final depths of flow. 1In a
rectangular channel equation 5-29 would be simplified by substitution
of the proper relationship for area, centroid depth, and discharge in
terms of width, depth and discharge per unit width. The equation for
the hydraulic jump in a rectangular channel is as follows:

Y 2)0.5
yo = —]2' -1+ G + §3§)
8yy
0.5
yolyy.= 1/2 (1 + Bufz)- 1

(5-30)

(5=31)

= depth of flow below the hydraulic jump
= depth of flow-abave the -hydraulic jump

‘discharge per unif.width of .channel
= accéleration of: gravity
N¢ = Froude number '

b. Equation 5-30 gives a simple relationship be:
variables, initial and final depths og the hydraulic?dum;w::: :ﬁz ﬁ;‘::e
discharge, If any two of the three variables are known, the third.
variable can be determinkd. Equation 5-30 may be solved by use of the
chart /10/, shown on Plate 512, which depicts the discharge per fdot of

‘jddth as a function of the initial and final depths of the hydraulic
jump .

91. The Hydraulic Jump in a Non-Rectangular Ch
3 g annel. a., The re-
lation between the initial and final depths of the hydraulic jump in a
non-rectangular channel cannot be expressed by a simple equation as for
rectangular sections. The initial and final depths of the hydraulic

jump can be determined by a graphical method. -,
transposed as follows: ? ° Faustion 3-29 may be

2 _ 2
L say =L+ Ay,

BAL Ay (5-32)
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b. It is evident from equation 5-32 that the variables are a
function of the depth of flow for a given discharge. Also the depths
y1 and y; correspond to two equal values of a certain function, to be
designated: )

- el
M) = tAY

c. Thus, for any given shape cross section and discharge, 2
curve can be obtained by solving equation 523 for each assumed in~
crement of flow depth. The curve obtained from plotting M(y) against
y possesses a minimum value of M(y) at the critical depth as shown on
Plate 513. After construction of this curve and with one depth known,
the other depth may be determined by passing a vertical line through
the point of known depth and reading the néw depth on the other branch
of the curve, the downstream or final depth of the hydraulic jump is
termed the sequent depth or conjugate depth of the upstream or ?nitial
depth of flow. Plate 513 shows a specific energy diagram superimposed
on the M(y) diagram. An initial depth y; is shown on the M(y) and Hg
curves at points 1 and 2, respectively. The "sequent depth" (yp) is
shown on the M(y) curve at point 3. The depth on the specific energy
curve having the same specific energy as point 2 is shown as point &4
and is termed the "alternate depth". The alternate depth is larger
than the sequent depth by an amount equal to the difference in eleva-
tion corresponding to the enexrgy lost in the hydraulic jum?. There-
fore, the differences in the quantity of energy between points 3 and 4
represents the amount of energy dissipated in the form of heat and
turbulence in the hydraulic jump.

92, Examples. a. The computation of the H, and M(y) curves ey
for a trapezoidal canal are shown on Plate 513.

b. Plate 5l4 shows a nomograph /11/ used in computing the hy-
draulic jump in a circular conduit flowing partially full. SeYeral
examples are given on the plate to illustrate the method of using the
nomograph. .

c. Plate 515 shows the method of computing the water surface
profile /8/ in the outlet conduit of a large dam. This is a compre-
hensive example, illustrating the method of determining t.:he water sur-
face profiles of a prismatic channel as well as determining the height
and location of the hydraulic jump.
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. 93 VALUES OF "n" FOR USE IN MANNING'S OR KUTTER'S FORMULAS
ar.

0,009 and 0,010 Very smooth and true surfaces, without projections, Clean new

93. References. glass, pyralin, or brass, with straight alignment.

- 0.011 and 0,012 Smoothest clean wood, metal, or concrete surfaces, without pro-|

/1/ Rouse, H. Elementary Mechanics of Fluids. New York: John Wiley Jections, and with straight alignment.

and Sons, 1946. 0,013 Smooth wood, metal, or concrete surfaces without projections,
free from algae or insect growth, and with reasonably straight

12/ Woodward, S. M. and Posey, C. S. Hydraulics of Steady Flow in alignment.

Open Channels. New York: John Wiley and Sons, 1941. " B 0,014 Good wood, metal, or concrete surfaces with very small pro-
jection, with some curvature, with slight insect or algae

13/ Mavis, F. T. The Construction of Nomographic Charts. Scranton: growth, or with slight gravel deposition, Shet concrete sur-

International Textbook Company, 1939. s faced with troweled mortar.
0,015 Wood with algee and moss growth, concrete with smooth sides
J4/ Bakhmeteff, B. A. Hydraulics of Open Channels. New York: ) but roughly troweled or shot bottom, metal with shallow pro-

McGraw-Hill Book Co. Inc., 1932. jections, Same with smoother surface but excessive curvature,
0,016 Metal flumes with large projections into the sectien. Wood or
/5/  King, H. W. Handbook of Hydraulics. New York: MeGraw-Hill i concrete with heavy algae, or moss growths.

Book Co. Inc., 1939. _ " 0,017 Shot concrete, not troweled, but fairly uniform.

0,018-0,025 Metal flumes with large projections into the section and

16/ Rouse, H. (Editor). Engineering Hydraulics. New York: John § excessive curvature, growths, or accumlated debris.

Wiley and Sons, 1950. _ 0.016-0,017 Smoothest natural earth channels, free from growths, with
straight alignment.

17/ "part CXIV, Hydrologic and Hydraulic Analyses, Chapter 9, P 0,020 Smooth natural earth, free from growths, little curvature.

Computation of Backwater curves in River Channels." " Very large canals in good condition,
Engineering Manual for Civil Works. Office, Chief of 0,0225 Average, well-constructed, moderate~sized earth canal in good
Engineers, Corps of Engineers, Dept. of the Army. v condition.

| . 0.025 Very small earth canals or ditches in geod condition, or larger

Preliminary Draft "Part CXVI, Hydraulic Design, Chapter 2, canals with some growth on banks or scattered cobbles in bed.

Reservoir Outlet Structures". Engineering Manual for - o 0,030 Canals with considersble aquatic growth. Rock cuts, based on

Ci: Works. Office, Chief of Engineers, Corps of average actual section. Natural streams with good alignment,

Engineers, Dept. of the Army. . fairli constant section. Large floodway channels, well main-

. tained,

Vennard, J. K. Elementary Fluid Mechanics. New York: _ 0,035 Canals half choked with moss growth., Glezred but net continu~

John Wiley and Sons, 1940. ously maintained floodways.

P 0,040-0.050 Mountain streams in clean loose cobbles, Rivers with variable

"Requirements for the Hydraulic Jump Below Spillways". _ section and some vegetation growing in banks. Canals with very

Office of the Division Engineer, Ohio River Division, heavy aquatic growths,

Corps of Engineers, Dept. of the Army. June 1941. ’ 0,060-0.075 Rivers with fairly straight alignment and cross section, badly
obstructed by small trees, very little underbrush or aquatic
Mavis, F. T, "Critical Flow in Circular Conduits Analyzed growthe

by Nomograph". Engineering News Record, March 7, 1946. I 0,100 Rivers with irregular alignment and cross section, moderately

obstructed by small trees and underbrush, Rivers with fairly
regular alignment and cross section, heavily obstructed by
smell trees and underbrush,

0,125 Rivers with irregular alignment and cross section, covered
with growth of virgin timber and occasional dense patches of
bushes and small trees, some logs and dead fallen trees,

0.150-0,200 Rivers with very irrogular
alignment and cross section

ey ot e amrs | MANNING ROUGHNESS
on bottom, trees continually COEFFICIENTS

falling into channel due to
bank caving.

MILITARY HYDROLOGY R & D BRANCH
IWASHINGTON DISTRICT CORPS OF ENGINEERS)
Prepored by.
Drawn by
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DETERMINATION GF THE CONVEYANCE CURVE, THE m' FUNCTION CURVE, AND THE
CRITICAL SIOFE CURVE FOR A CANAL OF TRAPEZOIDAL SECTION

EXPLAMNATION OF COMPUTATIONS

Item
INITIAL DATA

5

2.295 zHj

TRIANGULAR SECTION

Agsumed data.

PRISMATIC CHANNELS
MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS

COMPUTATION OF k', m', and Sc

Prepared by

Q
Drawn by

The depths of Col. 1, Table I were assumed and the area (4),
width of water surface (b,), wetted perimeter (P), and hydrsulic
radius (R) were computed for each assumed depth and tabulated in
Cols. 2, 3, 17 and 5 respectively, To facilitate computations,
values of B2 3 Vere computed and listed in Col. 6.

HYDRAULIC CHARACTERISTICS

3/2
o
2/3y

Using the computed values of A, R2/3, and the value of n : 0,030
given in the initial data, values of conveyance (k') at each
assumed depth were computed by: -

k= 1.486 4 g2/3
n

4/3y,
3.08,7th§/ 2

&z
&y

3,087 b K
\ Yn

3/2 \

» Hy

g 3/2
27 W¥e

3/2
0

b,

The computed velues of the conveyance were entered in Col. 7.

g
v =\[2/3 &y,

Using the values of A and by computed in Cols. 2 and 3, the
ratios A/b, at each depth were computed and entered in Col. 8.
Values of the m' function were computed from Eq. 5-9 as the
product of the values in Col, 2 and the square root of the
Values of Col. 8 and entered in Col. 9.

2
3/2 =

2,005} K

RECTANGULAR SECTION
Hy = 3/2 ¥¢
3/2
PARABOLIC SECTION
2/3

=5‘57hyc/
Area A
Ve =

Q =

Q=

The squares of the ratios of values of Col., 9 and Col. 7 were
1isted in Col, 10. The critical slope Sc at each depth was
computed from Eq. 5-13 as the product of the values of Col, 10
and the gravitational constant (g) and entered in Col. 1l.

Q

HYDRAULIC PROPERTY CURVES

The computed values of Cols. 7, 9, and 1l were plotted against
the depth (y) and the conveyance, m', and critical slope curves
drawn as shown.

GENERAL SECTION

v2
2%
TRAPEZOIDAL SECTION

A
Q = A\[gy, =5.671 A\}Tb"

H, =y +
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DEPARTMENT OF THE ARMY CORPS QF ENGINEERS  ™=T
r Se 1a Units x 10
6 100 200 300
P
P5
DETERMINATION OF THE CONVEYANCE CURVE, THE m' FUNCTION CURVE, AND THE =
CRITICAL SLOPE CURVE FOR A CANAL OF TRAPEZOIDAL SECTION 5 =
4
INITIAL DATA
Item
(1) Trapezoidal Channel -~ 5' bottom width and 1:1 side slopes. 4
(2) n = 0,030 E
(3) Bottom Slope S, = 0.0001 —
<
b
. N
g> 1
B
[ - (%) - - TABLE -1 - - - . &
SUMMARY OF COMPUTATIONS FOR k', m', and S il - B S X' 11
=)
y A by P o|Rea/p| B3 | 0. |aly, | w = @ se= | B2 'Z \\
2 1.u86,2/3 ata/vuf n',2 A
feet | feot feet | feet | feet o AR ol e m'
Col. 1 [Col, 2 | Col.3 [Col. 4 | Col. 5]Col.6 Col,7 | Col. 8| Col. 9 Col. 10 |Col, 11 N 7/ \
0,5 2,75 | 6.0 6. | 0.429 | 0.569 77.7 L6 1.9 0.000574 |0.0185
' 1.0 6.0 7.0 7.8 | 0.768 |0.838 249.5 .86 5.6 0.000497 [0,0160 7
I 1.5 9.75 8.0 9.2 | 1.053 |1.037 500,0 | 1.22 |10.8 0.000463 |0.0149
| 2.0 |14,0 9.0 10,6 | 1.312 [1,200 | 834.0 1.56 | 17.5 0,000440 [0.0142
2,5 |18.75 | 10.0 12,1 | 1,558 |1.342 | 1250.0 | 1.88 | 25.7 0.000422 |0.0136
3.0 |24.0 11.0 13.5 | 1.783 [1.472 | 1750.0 | 2.18 | 35.5 0.000412 |0.0133 ° 20 30 %0 o 60
3.5 |29.75 | 12.0 14,9 | 2,000 [1.585 | 2340.0 | 2.48 | b6.9 0,000400 |0.0129 ° 10 , 5 1486 mz/g
Lo [36.0 13.0 16.3 | 2.215 [1.694 | 3030.0 | 2.77 | 59.9 0,000390 [0.0126 CONVEYANCE (k') in Units x 10% = 2075 .
4.5 [B2,75 | 140 17.7 | 2410 1,797 | 3810.0 | 3.05 | 74.6 0.000384 [0.0124 o 2 5o 60 80 100 12
5.0 50.0 15.0 19.1 2,620 | 1.898 4700,0 3433 91.4 0.000378 |0,0122 Ve A (a/y) 045
6.0 66.0 17.0 22,0 3.005 | 2.080 6800.0 3.88  [130.0 0.000367 [0.0118 o= W
——
OPEN CHANNEL EXAMPLE |
HYDRAULIC PROPERTIES {
MILITARY HYDROLOGY R & D BRANCH :
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
b
Drawn by N
PLATE 507 VEERS
- .- _08
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Horizontal asymprore
| -

7

Y%

Horizontal asymprore
=§;:§a .

N\

Horizortal

Nore: .
4/] Flow 'is from left fo

riglt. SURFACE PROFILE’
CLASSIFICATIONS

MILITARY HYDROLOGY R & D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS

Prepared by Date
Drawn by

PLATE 508
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WATER SURFACE PROFILES
BREAK IN GRADE

MILITARY HYDROLOGY R & D BRANCH
[WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date,

Drawn by

MHB- 12

UNIFORM FIOW IN AN IRREGULAR CHANNEL

UNIFORM FLOW IN AN IRREGULAR CHANNEL

INITIAL DATA
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EXPLAMTION OF COMPUTATIONS Ltem
Iteg
INITIAL DATA (1) CHANNEL SECTION
(1)~
ssumed physica: of the irregular channel. — —
(3) A £y 1 data of the i lar channel, T
DISCHARGE COMPUTATIONS 112' T
() The irregular channel was first considered as a single channel
and not as a min channel with overbank. The discharge in the 5o so1
open channel was computed as d escrided in the following steps:
1. The areas of the deop and shallow rectangles
were computed from the dimensions given in
the initial data and entered in Col. 1. (2) Bottom slope = 0.0001
(3) Roughness coefficient = 0,020
2. The wetted perimeter was computed as the
actual wetted length of the sides and bottom
(12 + 50 + 10 + 50 + 2) and entered in Col. 2.
3. The hydraulic radius was computed as 4/P and 2
entered in Col, 3 A P R w3 Q
foet? feet feot ofs
4, The discharge was computed from Eq. 5-5 and
entered in Col. Col. 1 Col. 2 Col. 3 Col, 4 Col. 5
(5) The irregular channel was next divided into two sections as ) 700 124 5.65 3.7
shown by the dotted line on the sketch in item (1), The
deep section was considered as the main channel and the (5 600 ™ 8.11 Lok
shallow section vas considered the overbank. The computation 100 204 1,85 1.5
of the discharge was the same as for item (4) except the
vetted perimeter was computed for each rectangle along the
sides, bottom, and dotted line.
(6) The discharge as computed in item (5) is more correct than
item (4).
EXAMPLE
MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by
Orawn by,
MHB-12 PLATE 510
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LETEENINATION OF THE BACKWATER CURVE FOR FOUACHS LA FAVS RIVER

SXPLAIATION OF COMPUTATIONS ined froa the conveyance
nd

suzed 1n Col, 5 &

the comvesancs e dv
for

on
INITIAL DATA Sntered an Cae 70 precn

(1) The river was divided into reaches in accerdance with the 8. Tht fall in the entire reuch vas deturained s the
methods aescrided iu Pi The cross section ef roduct of the 5 ach length (given in Col. ) and
b reach vas detersin ho conveyance Plotted fhe tora (@), The Vilso G o comeytnce 1

given in Col. 7, uize fall vas entered in

Sov e, Lne

- e a function of the water surface elevation b/
dures describoed in Par. 7

(2)  The dlscharge vas assuzud @s given in the initial data. 9.

o)

artirg elevation at aile 1.5 vas ausuzed to be
ot mal, Line 2, ard the fall in the ri
and enterea in Col. 9, Lire 2.
BACKVATEA COMPUTATION
10, ho cosputed vater surface at the mean cress sue-
tion wi

rofile up the Yourche La yave River wi

(4)  The water surfa

o wuter

Compuied a8 aoscribed in the 1o1.evisg stops

orained as the sua of the proportionats
vavar Susfece fell of Col. 9

The channel mileage at the ends of the reuchus
(as mvasured along the thulveg, er center of mass if

surfaco elevation at e Lover o

i of iho reacn given
in Col, 10, Line 1, anc vae ontered iz Col. 6, Line Z.

= of flowing vater) vus entered im Col. 1. 1L, The ussumea vater eurfuce elovation in Col.
compared vith the computed water surface elevitiun of
2. The length of sach reach vas uet-rained fron 1f the elevations are different by en azount

o
3 the chaatel milesge of Col, 1 sna entered in

Cel. 2, 10 cags sod he avove s

profile 16 cosputed

to the nearest

3. The mema crone puction of tn reach vas dever~ thof & foot.
4 ana i age, ub newsurea along toe

# halveg, vas uatsrsa in Col. 3. 1z,

After tho sssunca ARG CORFULEG VALST SUFfaces Wero
Drought into u rouscrable balance, the valer surfice
olevption at tho upyor cnd of the reuch vas doter-
mined as the sus of the totel tall in Col, 8, sine 2,
na the vater surface clevation at to lever sod of
the reach in Gol. 10, Line 3.

The proportionate fall in the vater surface fros
s soction to the lover ond o

roach v ormined as the ratio of the len

of ruch nu.u the mean cross section, to the total

leng ch, and entered in Col. 4.

13. A new water surfuce olovatior vas usum 1p Col,
Lima 4, for tho suxt resc ach and W 1z repeutea.
The iface atevasion of the mu “sna secvion of
the firot reach a8 etven 1a ol 10, Line 3, becano the
o1 the lover ena soction of the

5. The starting vater eurf evation at the
Tovor and of the dower reach vas detersined fron
& known rating curve and entered inm Col. 10,
Line 1.

secord reach,
6. A vater wurince elovation vas assused at the

a0 ton in the first reach and 1.
ttered in ot 5, Line 2

Steps 3 to 13 wers repeated for each I 4 the river
ana the vaters surface profile sotereiren feon Sel. 1
and Col. 10.

LETERMINATION OF THE BACAWATER CUAVE ¥OB YOURCHE 1A FAVE BIVER

COMPUTATION SESST

i i - INITIAL LATA
(1) Fourche La bave river cross sections frem mile J 1 to
o s (3 Derame constant 1n the leagtn of river consideres = 5,000
() Sturting slovation at the lover end of the flr-t reach of the nvur oqual te 251,0 ft. msl.
- g ThELE 1
BACKNAT:R COMPUTATIONS
- Channel Reach Chanael Factor nur suxfl-:- Elevation Gonvuyznct w.5.Fall [Facter . S. -
i Mileage Length Hilesge n Section Hean in meack|times [Elevation
of ¢ asl.) Section 1oz, [F8lL tn et Lyper
i = sections Hoza (/&)1 yuach | ena of
Line Along Section Coputea Sectien
halve
al . ¢ (1t) 20000) | (£1.) (fe. msl.)
_ - o1 lonz |cor3 lomew |coas loe6 fooa.? leol. 8 lool, 9 Gel:do
1 1.50 251.0
2 9130 3.0 0.928 254,60 254.05 235 Wil [ 3.85
- 3 255,14
N 1600 3.36 0,437 255,40 255,41 Z5z.% 0.63
5 3.5 255.77
h N 4300 3.6 0.186 | z55.65 | 255:85 =3 O | 0.08
- 7 w3 6,21
MHB-12 PLATE 511
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1000,

il e petrs i i

A
P

H = Differance in elevation betmen upper pool and tallmtar in Toat.

N

@ = Discharge per foot of spillmy crest width i eufuns
4) = Depth abuve tho hrdreulic fusp in fost.

43 = Depth below the hydraulic Jump in fest.

K = Acoslaration due to gravity, 32.2 feet/secont?

«
o

The dlagran doas not includo friction lossps, Compemseticn for

friction nay be sde by sbtractisg the oquivalect friction hesd

froa H, the difference betwesn uppor and Lowor pool. clomtions,
before entering fato the dlagrem.

SNANKY

o one e 2, a5, coreped ta P2l of
31 10, 124 15, respctimely.

q= DISCHARGE PER FOOT OF SPILLWAY CREST WIDTH IN C.ES.

Pe3 o {2+ 2 mrka the souadary bt Jups of the
T
dilar and sock tryes.
Modal sadies inticste that 4 stroog kydrsults fup fores in the
ropion to the it of P12, o $=buz

REQUIREMENTS FOR HYDRAULIC JUMP
BELOW SPILLWAYS

MILITARY HYDROLOGY R & D BRANCH
* g . : WASHINGTON DISTRICT CORPS OF ENGINEERS|

¢ 780910 20 0 40 50 60 70 8090100 000 P’eFI'Bd w te
H= DIFFERENCE IN ELEVATION BETWEEN UPPER POOL AND TAILWATER IN FEET Drawn by

N
S
S

PLATE 512
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DEP)

DETERMINATION OF THE SPECIFIC ENERGY CURVE AND THE M(y) CURVE
FOR A TRAPEZOIDAL CAMAL

EXPLANATION OF COMPUTATIONS

INITIAL DATA
The initial data was taken from the sketch, and the discharge
was assuned to be 300 cfs. The critical depth was determined
from Plate 507 to be 3.74 ft.

COMPUTATION OF H, AND M(y) CURVES
The specific energy and M(y) function curves were computed as
described in the following step
1. The canal depths were assumed s shown in Col. 1,
Table I.
2. The cross-sectional area of flow was computed for
each depth in Col. 1 and entered in Col. 2.
3. The velocities and velocity heads were computed for a
constant discharge of 300 cfs and entered in Cols.
and 4, respectively.
The specific energy was determined s the sum of the
depths and velocity heads given in Cols. 1 and 4 and
entered in Col. 5.
The M(y) function was determined from equation 5-33:

My) = i Ay
Ag

The first term of the right hand side of equation
5-33 vas computed for & discharge of 300 cfs;

3002 _ 2795

32,24 A
The ratio 2795/A was computed for each area of Col. 2
and 1isted in Col. 6.
The centroidal depth of each flow section for the
depths given in Col. 1 was computed from the equation
taken from Fig. 2, Plate 101:

7=y (by + 2b)
3 (p, +b)
=y (b + 10)
3 (by + 5)
and entered in Col. 7.
The second term of the right hand side of equation
5-33 was computed as the product of the values
11sted in Cols. 2 and 7 and entered in Col. 8.
The value of the M(y) function for each depth was
determined as the sum of the values in Cols. 6 and 8
and entered in Col. 9.

H, AND M(y) CURVES
(5) The computed values of Cols, 5 and 9 were plotted against the

depths given in Col. 1, and the H, and M(y) curves drawn a8
shown.

EN

roved for Release 50-Yr 2013/10/25 : Cl. 1043R002300060004-

DETERMINATION OF THE SFECIFIC ENERGY CURVE AND THE M(y) CURVE
FOR A TRAPEZOIDAL CANAL

INITIAL DATA
frapezoidel canal 5.0 ft. bottom width and 1:1 side slopess
Discharge Q = 300 cfe

Critical depth = 3.7k fte

TABLE 1
COMPUTATION OF H, AND M(y) CURVES

B, | 29s/h| ¥ ¥ M)
feet
Gol. 5 | Gol. 6 | Col. 7 Col. 8 | Cole 9

1,018,0

wa

"
5
3

116,0 | 1.315

=
5

61,50
104,0

>

331.0

4,58 945.0

DEPTE OF FLOW y IN FEET

1 1
t—M(y) Curve ‘

Ho Curve
7

Trergy Dissipated in |
the Jump

400
VALUES OF M(y)

13 6
VALUES OF Ho
600

HYDRAULIC JUMP
EXAMPLE
MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS

Prepared by —

Drawn by,

PLATE 513
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To use the diegram for a
given quantity Q, flowing
through a pipe of dim:ete:é E,
the discharge factor, Q/D°'7,
is calculated first. A straighy
1line is then drawn through the
corresponding point on the
discharge factor scale to
intersect the scale of depth—
ratios, y/D. One of three
conditions then ezists. ~
1. The straight line is
tangent to the depth-ratio =
scale, the point of tangency [,
being the value y/D corres—
ponding to the critical denthd
At the point of tangency one
can also read the veloclty
ratio for that flow.

2, If the straicht line
intersects the curve at two
boints as a secant, the water
\vill juop from the depth and
velocity corresponding to the
lower depth-ratio to the depth|
ond velocity corresponding to
the higher of the two depth—
ratios.

3, The third case is that
shere the straight line cuts
the curve only once, indicat—
ing that the pipe will flow
full below the hydreulic jump,
When this occurs air must be
supplied to the conduit or the
lphenomenon will become merely .
o, cudden expansion and cease tmbehave as a hydraulic Jump. The fallowing numerical
lxamples illustrete the use of the diegram:

Example 1. Find the critical dep;& and critical velocity in a circular pipe 3 ft.
in diemeter discharsing 50 cfs. Q/DF = 50/(8)° = 5.55 5 Vgp1y = 5.55/9.785 = 7,07
oo, per sec. ; Q/D%° = 5.55/1/3 = 3.21 . A straight line through discharge fac—
or 3.21 on the chart is tangent to the curve at depth ratio 0.77. Hence, the criti-|
Lol depth, oo 18 0,77 X 3.0 = 2.3 £t. The corresponding velocity ratio is 1.21 and
he eriticel velocity, Ve, is 1.21 x 7.07 = 8.55 ft. per sec.

Txample 2. A discharge of 50 cfs. flows at a depth of 2.0 ft. in a circular pipe
B f£t. i}. diameter. Find the velocity of flow above the hydraulic jump and the depth
L nd velocity of flow below the jump, From Example 1, the velocity is 7.07 ft.per sea|
Lna q/D°-5 = 3.21. Abvove jumd, y1/D = 2[8 =
.67, From bhe.chart, when y1/D = 0.67

V- ¥eqq = 1.4 and velocity et Sec. 118 )

1%{} 2%}07 = 9,9 fh.per 8ec. A s(}raight . HYDRAULIC JUMP
line through Q/D%+® = 3.21 end y1 D = 0.6

intersects the curve at yp/D =0.88 and NOMOGRAPH
Vzlvfull = 1,08 . Depth of flow below jump,|
y2 =70.88 x 3.0 = 2.64 ft. Velooity below MILITARY HYDROLOGY R & D BRANCH

j\zzmp, Va = 1,08 x 7.07 = 7.65 £t. per gec. | WASHINGTON DISTRICT CORPS OF ENGINEERS
. Prepared by _* Date

Drawn by
FLVATE 514

Discharge Factor (

MHB -12
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DETERMINATION OF THE WATER SURFACE
PROFILE OF A PRISMATIC CHANNEL

EXPLANATION OF COMPUTATIONS
Item

INITIAL DATA
(1)-(7) Assumed physical data of the large outlet conduit of a dam.

(8) The area, conveyance, and m' function curves were compu ted
for the circular conduit in the same manner as described in
paragraphs 70 and 72, respectively, and also as shown by
the example on Plate 507.

The M(y) function curve was computed for a discharge of
833 cfs as described in paragraph 91 and as shown by the
example on Plate 513.

The normal depth was determined by use of equation 5=23
and the conveyance curve as follows:

X! = 0/500.5

- 833
(0'3011)45)0'5

k' = 7790
Enter the conveyance curve with k' = 7790 and read the
depth, therefore:
Yo = 3.6 fto

The critical depth was determined by use of equation 5-10
and the m' function curve as follows:

= /()05

- 833
5,67

mt = 147

Enter the conveyance curve with m! = 147 and read the
depth, therefore:

yo = 5.6 ft.
A qualitative analysis of the water surface profile was made,

based on the criteria given in paragraph 77 as described in
the following steps: . Plate 515 A

D R =y
eclassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2
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(13)

1.

2.

Declassified in Part - Sanitized Cop

1. From items (10) and (11) above, it was determined
that the normal depth was below the critical
depth for the discharge considered.

Since the normal depth was less than the critical
depth, the bottom slope must te greater than the
critical slope and the profiles must be of the
steep typs or S series.

The initial depth at the outlet portal was com-
puted as the difference between items (4) and (5)
from the initial data on the computation sheet.

Since the initial profile depth was considerably
above both the normal and critical depths, the
water surface profile would be an S1 curve as
shown in Fig., (g), Plate 509.

Since the bottom slope of the conduit was greater
than the critical slope, the water surface at the
conduit inlet would pass through the critical
depth at the break in grade (station 8 + 73),

The profile depth at the break in grade was between
the normal depth and the critical depth; therefore,
the water surface profile was an S2 curve.

The S2 profile with a depth less than critical
depth, overlaps the S1 profile with a depth greater
than critical depth, forming the hydraulic jump

where the sequent depth of the S2 curve intersects
the S1 curve,

TATER SURFACE FROFILE GOMPUTATION

The S1 water surface profile was computed for the 22 ft. diameter

conduit with a constant discharge of 833 cfs as described in the
following steps:

The initial depth of water at the conduit outlet was
entered in line 1, Col, 1,

The cross-sectional area for the initial depth of

flovw was determined from the area curve and listed
in Col, 2,

The velocity and velocity head was computed from the
discharge (833 cfs) and the cross-sectional area of
step 2 and entered in Col. 3 and 4, respectively,

The specific head was computed as the sum of the
depth of Col, 1 and the velocity head of Col. 4 and
entered in Col, 5,

The conveyance (k') was determined from the convey-
e?nc(e}o iuze at the depth given in Col. 1 and entered
in . 6.

Plate 515B

Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

A small increment in the reduction of depth was
assumed and entered in line 2, Col. 1.

The upstream depth of the reach was d?ten.runexi aéo']c-hel
difference between the init::Lal fiepth in ]ilni ;nd .
and the increment of depth in line 2, Col. 1,

entered in Line 3, Col. 1.

The hydraulic properties were computed for ;he
upstream depth in the same manner as'steps.
through 5 and entered along line 3, in their
respective columns.

i ifi vas determined as the
e in specific head was X
g;i:&:ﬁe in lines 1 and 3, Col. 5, and entered in
line 2, Col. 5.

in the reach was
M alue of the conveyance in U .
?elze:i?:e‘c; as the average of the-conveyances gf lines
1 and 3, Col. 6, and entered in line 2, Col. 6.

i tion 5-6
adient was determined :(‘rcm equa;
;:etﬁzezgargle‘ of the ratio of thg discharge and the
mean conveyance and entered in line 2, Col. 7.

The difference between thz? bottom sloge and energy
gradient was entered in line 2, Col. 8.

d increment of

ch length for the assume €

z?x:.nzzain depth was computed by equation Sgiﬁ :rsxd
tered in line 2, Col. 9. The reach ]..eng ‘,’i..

3nt rmined as the ratio of the change in specific

hZag of line 2, Col. 5, and the difference in

slopes of line 2, Col. 8.

The reach length of Col. %xg.‘s add(e:c}i1 E zieszizlon
f the lower end O e rea
g‘f;ﬁlt;nooi‘ the upper section of the reach.

i uted as the
i + elevaticn of Col. 11 was corpu
- 1?'81';e invert elevation at the conduit mtiet n
.::3 ?r,he product of the bottom slope and reach length,
and entered in line 3, Col. 11.

i d of the reach

face elevaticn at the en e
- wi;i:tzér as the sum of the invert elevation of N
gii T and the depth of flow in Col. 1, and entere

in 1line 3, Col. 12.

A new increrent in the change in depth is assumed.

Plate 515 C
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DEPARTMENT OF THE ARMY
DETERMINATION OF THE WATER SURFACE PROFILE OF A PRISMATIC CHANNEL Item
entered in line 4, Col, 1. Ttem (3)
INITIAL DATA
18, The new upstream depth was computed for the second _ Line Dep
: ¢ E:;chlas descrikted in step 7 and entered in line 5, (1) A circular concrete conduit 22 feet inside diameter. .,
. Length of conduit = 873 ft. Col
H 19, The hydraulic properties of the section were computed @ i 6
! in the same manner as steps 2 through 5 and entered ) 3) Slope of conduit = 0.01145 1 10
. on line 5, in their respective columns, Z &
! (&) Invert elevation af conduit outlet = 1219,0 ft. msl. 3 6.
20. The reach length and water surface elevation was com- l b 2
puted in the same manner as in steps 9 through 16, - . (5) Tailwater elevaticn = 1235.7 5 154
21, The profile was continued upstream until the depth was i (6) Discharge = 833 cfs s .
reduced to the critical depth which is the limit of - L .
the 51 curve, . (W RBoughness coefficient = 0,013 8 1.
) . ) 9 13.
S2 VATER SURFACE FROFILE AND SEQUENT DEPTH GOMPUTATION (8) Area, Conveyance, and m' funct on curves. 10 1,
12,
(14) The S2 water surface profile was computed in the same manner ) 9) M(y) function curve. m
a3 the S1 profile except the initial depth was the critical " " v "
depth and the computation Proceeded in the downstream direction, (10) Normel depth = 3.6 ft. 1 2
The depth of flow decreases in the downstream direction of flow 5 ::
for theigf p;of;ll; curveé It should be noted that the change . (11) Critical depth= 5.6 ft. 15 10.
0 specific head in equation 5.28 is the downstream abet “
head minusg the upstream specific head, The locationsgi‘cthec B (12) The profile will follow an M2 curve from the reservoir water ig ;.
hydraulic jump was determined as follows: (1) Enter the Mi ‘
gurve with the initial depth given in line 73 Col. 1, and<iisd ) surface to the bresk in grade at Station 84 7. Downatreas from " >
the sequent depth in the upper segment of the curve Th: - ) ) 19 8.
sequent depth was entered in line 75 Col, 13, (Q)Eiwhs ei:vation the break in grade the profile will follow an S2 curve to a point 20 1
of the sequent depth was determined as the sum of the 3 ) I :
elevation of line 7, Col, 11 and the sequent depth, :néme’:::ma i vhere the bydraulic jusp will form. The water surface will then 2 Z.
in line 7, Col, 14, (3) The sequent depths for each flow depth a3 tellvater at - .
of Col., 1 were determined in the same manner and entered in | flow out of the condult with en 52 curve to meet the taliva : :
Gol. 14, y 2 L
levation 1235.7 ft. msle o
WATER SURFACE AND SEQUENT DEPTH PROFILES ) i o “ :
(15) The bottom slcpe profile was plotted to an e:
xaggerated scal
from the values of the stations and bottom elasstion ofsgc; ) i ()
10 and Col. 11, The S1 water surface profile was plotted from )
the values in Col, 10 and Col. 12 of Table I, The S2 water
surface profile was plotted from the values in Col. 10 ang Line |Depth |Ar
Col., 12 of Table II, The sequent depth profile was plotted
from the values in Col, 10 and Col. 1, of Table II, The o, .
polnt at which the S1 profile and the sequent depin protile i Col.l |Co
intersect determined the point of the hydraulic Jump which wag > 2:
at station 7495, The length of the Jump was shown as about ; o
four times the depth below the jump, ) 5'0
Plate 515 D : ™
5 4.5
. 6 0.5
7 4.0

e e e MHB-12 —
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i CORPS OF ENGINEERS
3 ten TABIE I
i % (13) S1 WATER SURFACE PROFILE COMPUTATIONS
oy 2 "z 10 b -
} f; Line Depth Area Velocity v?[2¢ Hy k' x 10 §x 10 iomus AL Station él{::::un W.S, Elev, :
' fe. 6.2 £t/sec ft. ft. £t. ft.mel, | ft. msl. y
| Col, 1 Col. 2 Col. 3 Col. & Cols 5 Col, 6 Col. 7 Col. 8 Col. 9 Col. 10 Col, 11 Col, 12 /
‘ 1| 16 J_BQH 2,70 0.113 26,813 | 12.bs 0400 | 1m9.0 | 12357 !
4 2 I 0.7 | 0.689 12.15 0,47 114.08 60 3
§ 16.0 295 | 2.82 0.12l4 16,124 11,85 0 4 60 1219,.69 1235.69 3
4 1.0 _0.982 11,38 0,54 114,01 86
: 5 [ 1s5.0 [ 2% 3.02 0.142 15.142 10,90 1446 1220,67 | 1235.67
6 ™ 0 | 0.977 1041 0.585 113.97 86
7 [ .o | 255 3.26 0.165 14,165 9.92 2432 1221.66 1235.66
8 I 1.0 | 0.966 9.43 0.78 113,77 85 ]
o [ 130 | 233 3.58 0,199 13.199 8.94 3417 1222.63 | 1235.63
10 | 1,0 0.959 8.42 0.98 113.57 8l
Y | 12,0 212 3.93 0.240 12,240 7.90 4 4 01 1223,59 1235.59
12 | 1.0 0,950 7.35 1,28 113,27 84 ¢
() | 1.0 191 4.35 0.290 11,290 6.80 4 4 85 122456 1235.56 :
I | 1.0 0.907 6,28 1,76 112.79 81
s 10.0 168 4,96 0.383 10.383 5.75 54 66 1225,48 1235.48 3
16 1.0 0,885 5,22 2.55 112,00 79 s
17 9.0 147 5.66 0.498 9.498 4,68 6 4 45 1226.39 1235.39 ;
18 1.0 0.796 4,19 .96 110.59 72
19 8.0 124 6.72 0,702 8,702 3.70 7417 1227.21 1235.21
20 1.0 0,704 3.30 6.38 108.17 65
[ 21 7.0 104 8.01 0.998 7.998 2.90 7 482 1227.96 | 129496
[ 22 1.0 0.431 255 10,7 103.85 2
[z 6.0 83 10,04 1.567 7.567 2.20 8 4 2k 122844 1230 44
[z 1.0 0.101 2.05 16.5 98,05 10
[ s [ 56 6 10.96 1.866 7,466 1.90 84 % 122855 | 12315
] am TABIE IT 3
52 WATER SURFACE PROFILE AND SEQUENT DEPTH COMPUTATIONS.
Line Depth | Area Velocity v2/2¢ Hy k' x 104 | s x 10% So - § AL Station Invert W.S.Elev. [Sequ- NS El
2 x 10% Elevation lént  [Seq.Dp
ft. ft. £t/sec 5. 5. 8. ft. msl. | ft. mel, Dgpth | msl
Col,l |Col,2 Col, 3 Col. 4 Col. 5 Col, 6 Col. 7 Col. 8 Col. 9 Col. 10 Col, 11 | Col. 12 [col:13Col.1H
1 | 5.6 | 76 10,96 1.87 7.47 1.90 8 473 | 1229.00 | 1234.60
2 | 0.6 ] 0.08 T.71 3.7 50.8 5
3 [ 50 | 65 12.81 2,55 7455 1.52 8 4 6 1228,90 1233.90 6,10 [1235.4
b 0.5 | 0.51 1.3 365 781 5
5 | w5 | 55 15.15 3.56 8.06 1.25 7799 | 1228.16 | 1232,66 [6.70 123484
6 | 0.5 | | I .08 1.10 7.2 53 15
7 [ wo [ % [18m ! 510 9.10 0.95 6407 | 1225.06 | 1220.96 [p.45 [123ala
u;é : PLATE 515E
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" ls1 ¥ [s. [Prdfile

cfi Mal M n* | =[0.013
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CHAPTER VI
SPILLWAYS

SECTION A: BASIC CONSIDERATIONS

94. Function of Spillways. The primary function of a spillway is to
release surplus water from a reservoir in order to prevent overtopping
of the dam. Spillway structures are designed to provide sufficient dis-
charge capacity to pass the spillway design flood, as modified by avail-
able reservoir storage, without exceeding the maximum permissible water
surface elevation in the reservoir.

95. Types of Spillways. The most common types of spillways may be
classed as ogee, chute, side-channel, morning-glory, and siphon. Othex
less common types include free overhand, stepped, and partial morning-
glory. Any of these types, except siphons, may have gated or ungated
crests.

96. Component Parts of Spillways. The component parts of spillways
include approach channel, weir or control section, discharge channel,
apron or stilling basin, and outlet channel.

97. Discharge Capacity. a. The discharge capacity of a spillway is
normally computed by a basic weir equation or an orifice equation.
b. Weirs. The discharge over a spillway that has a weir for a
control section is usually computed by an equation of the form:

- 1.5 -
= CqLH (6-1)

= discharge in cfs
= total head on the crest (including the approach
velocity head) in feet
L = the effective length of spillway in feet
C,= a variable discharge coefficient

Cq is a function of the channel approach depth, slope of the upstream
and downstream face of the spillway, the ratio of the actual head to
the design head on the spillway, the degree of submergence, and the
shape of the spillway crest.

¢. Orifice. The discharge of a siphon spillway usually is
computed by an orifice type equation of the form:

Q=Cqp (2gm)0-3 (6-2)
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discharge in cfs,

head on the siphon equal to the difference in
elevation between head water and the tail-
water or center line of outlet, whichever
gives the lesser head. (A siphon has a

limiting effective head of approximately
30 feet at sea level).
the cross-sectional area of the throat of the
siphon in square feet.
the coefficient of discharge which varies
between wide limits, 0.3 to 0.9, depending
on the design of the particular siphon.

Cq

98. Design Head. a. The design head on a spillway crest is
defined as the maximum head under which the spillway iz expected
to operate. If the spillway profile is designed to fit the lower
nappe of a sharp-crested weir,the design head is the head at which
the pressure on the downstream face is zero. Heads greater than
the design head would cause negative pressures on the downstream
face and would have discharge coefficients higher than the design
discharge coefficient. Heads lower than the design head would cause
positive pressures and have lower discharge coefficients. A great
many spillways are not designed to fit the lower nappe of a sharp-
crested weir, but for economic, construction, structural, or hy-
draulic design reasons are designed as compound circles or with ex-
ponential curvatures. These spillway profiles often approximate the
shape of the lower nappe of a sharp-crested weir by varying degrees.

b. Knowing the design head and profile of a spillway, the
design coefficient would be determined by model studies or by com-
parison with known coefficients for dams with similar shapes and heads.
During military field operations, when the principals of military hy-
drology are applied, it is probable that the design head on a spill-
way would not be known. Therefore, it is necessary to devise 2 means
of approximating the design head and the coefficient of discharge.

c. Spillway Crest Profile. One method of approximating the
design head on a spillway would be to make an anslysis of the spill-
way crest profile. The radius of a circular crest spillway or the
general shape of an ogee spillway has a definite relationship to the
design head for conditions of zero pressure on the downstream face.
Also the ratio of the crest rise to the design head is a constant for
an ogee spillway profile designed for zero pressure at the design head.

(1) Circular Crests. A preliminary study has been made to
determine the relationship between the radius of a circular spillway
crest and the design head. A number of circular crest profiles were
plotted for different length radii as shown on Plate 601. The radii
were matched with the crests of dams for known design heads, radii,
and coefficients of discharge. It was found that a reasonable degree
of accuracy would be obtained by assuming the radius of curvature to
be the design head. The design head as determined in this manner
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Par. 98c(l)

would be used to determine the discharge coefficient as will be ex~
plained in a later paragraph.

(2) Ogee Crests. A method of determining the design head on
spillway crests that approximate the shape of the lower nappe of a sharp-
crested weir is to match the given spillway crest profile with the lower
nappe profiles of known design head. Such profiles were plotted on Plate
601 for the design heads indicated on each curve. A spillway crest pro-
file would be drawn on transparent paper to the same scale, and matched
with the profiles on Plate 601. The head shown on the matched profile is
estimated design head.

(3) Crest Rise. Another method of estimating the design head
on the spillway would be to determine the crest rise, and divide that
rise by a constant factor. Plot the cross section of the spillway sec-
tion of the dam. Determine the difference in elevation in feet between
the spillway crest and the point of intersection of the vertical upstream
face and the crest profile. Divide the crest rise by 0.126. This quo=-
tient is approximately the design head on an ogee crest with a vertical
upstream face, see Plate 602.

d. Physical Dimensions of Spillway. (1) One method of approxi-
mating the design head on a spillway crest would be to make an analysis
of the physical dimensions of the spillway cross section. Frequently,
the spillway on a large dam will be gated and have a bridge over the
spillway crest. The low steel or concrete of the bridge, the lop of the
gates when in a fully raised position, the trunnion pins, and the spray
walls will normally be set a small distance above the upper nappe profile
corresponding to the spillway design flood. From these factors an es-
timate can be made of the design head.

(2) Assume a design head on the spillway crest and compute
the upper and lower nappe profiles of a sharp-crested weir by the methods
given in Par. 26. From the computed profiles, measure the nappe thick-
ness along and normal to the lower nappe profile. Plot the nappe thick-
ness normal to the downstream face of the spillway profile; and draw the
estimated design water surface profile. This profile should be below the
bridge low steel, gate lip, and gate trunnions by a few feet. Several
trials may be needed to approximate the design head by this criteria.

e. Freeboard., The design head on the dam is also estimated from
the freeboard. Freeboard is defined as the difference in elevation
between the top of the dam, and the maximum reservoir level that would
be attained during the spillway design flood. The net freeboard is the
sum of the heights of wind tide, seiches, and wave height including
ride-up on the upstream face of the dam, plus a small margin of safety
in feet based on judgment. Earth dams, being more vulnerbale to des-
truction from overtopping, require more freeboard for safe design than
concrete dams. Rockfill dams, although more resistant to wave-splash
over the crest than earth dams, will normally have about the same safety
factor for freeboard as an earth dam. The magnitude of the wind tide,
seiches, and wave heights occurring on a dam is computed as follows:

(1) Wind Tide. The ZUIDER ZEE Formula /1/ is used to compute
the wind tide, thus:
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(6-3)

wind tide in feet above the still pool

wind velocity in miles per hour

fetch or straight length of open water
above the dam in statute miles sub-
ject to wind action

average approach depth of water in feet

angle between wind direction and fetch
length

(2) Wave Height Including Ride Up. The Molitor formula /2/
for wave heights is as follows:

h, = 0.17 WS + 2.5 - 10 (6-4)

h, = height of waves from trough to crest in feet
v wind velocity in miles per hour
L fetch length in statute miles

The height of wave ride up above the still pool is approximately equal
to 1.5 hy /3/. This height would be added to the height of wind tide.
Equation 6-4 is solved diagrammatically on Plate 602,

(3) Seiches. A periodic undulation is called a seiche, and
is caused by intermittent wind action, variations in atmospheric pres-
sure or earthquakes. Amplitudes of 0.5 foot or more readily occur in
reservoirs of moderate size. Seiches have occurred in Lake Geneva,
Switzerland of over 6.0 feet. The factor of safety used in computing
freeboard should be sufficient to cover possible seiches. Normal en-
gineering design practice specifies a minimum 3-foot freeboard for
masonry dams and a 5-foot freaboard for earth dams. The freeboard com-
puted from the above formulas, including a small safety factor in feet,
would be subtracted from the elevation of the crest of the dam to give

the estimated design water surface elevation. The elevation of the spill-
way crest subtracted from the design water surface elevation will give the

approximate design head.

£. Estimate of the Design Head. After estimating the design
heads from the above methods, a final design head is selected for the
spillway.

99. Effective Crest Length. The effective length of the spillway
to be used in the discharge equation is computed as follows:

L=L' - KH (6-5)
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the effective crest length of spillway

the clear opening of the spillway between
the gate piers

the pier contraction coefficient

the number of such contractions (2 for
each gate bay)

the total head on the crest including the
approach velocity head

The contraction coefficient /4] is a function of the ratio of the
actual head to the design head, and the pier nose shape as shown on
plate 603. Also the coefficient is a function of the pier length,
see Plate 604, and the approach depth as shown on Plate 605.

SECTION B: OGEE SPILLWAYS

100. Definition. An ogee spillway crest has an S-shaped or reverse
curved profile for its downstream face. The crests of efficient high
overfall ogee spillways are shaped to con form closely to the profile
of the lower nappe of a sharp-crested weir when the flow corresponds
to the design head, thus producing low-pressures on the crest. Plate
606 depicts an example of an ogee spillway.

101. Discharge Capacity. The discharge capacity, design head, and
effective crest length of an ogee spillway are discussed in paragraphs
97 and 98.

102. Discharge Coefficient. a. The coefficient of discharge Cq is
a function of the depth of approach channel, the ratio of actual head
to design head, the slopes of the upstream and downstream faces of the
spillway, and the degree of submergence. The individual effects of these
factors have been investigated; and the resulting data is generally
accurate within reasonable limits. 1t should be noted, however, that
the combined result, if determined from individual effects, may be
considerably in error. It is desirable to obtain the discharge co-
efficients from models that are properly designed by the model laws
for each prototype structure.

b. Depth of Approach Channel and Slope of Upstream Face. The
curves shown on Plate 607 give values for the design discharge co-
efficient /5/ as 2 function of the approach depth, and the angle between
the upstream face and the vertical. It should be noted that the curves
are based on 2 relatively low approach depth with respect to the design
head and that the downstream slope is steep as it is based on the free
overfall of a sharp-crested weir. The value of C,‘1 shown on Plate 607
ranges from about 4.0 to 3.5.
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¢. Downstream Face Slope. The effect of the angle of the
downstream spillway face on the coefficient of discharge is shown on
plate 608. The coefficient of discharge /6/ was plotted as a func-
tion of the head on the crest of the spillway; and the angle between
the downstream face of the spillway, and 2 horizontal plane. The
curves were taken from data of spillway model tests with the ratio of
design head to crest height Hgq/z of 0.083 to 1.00. The al?pxjoach dept.:hs
were great emough to have negligible effects on the coefficient of dis-
charge; and the tailwater was not high enough to cause submergence
effects.

Submergence is defined as the ratio of the tailwater depth

rest,to the head on the weir (N/H). A study was made 17/,
18/, to determine the spillway discharge coefficient as a func-
tion of the submergence and the total head. The results of the study
are shown on Plate 609. It is recommended that the 0.5Hq4 curve be used
for all head ratios below 0.5Hq.

e. Dimensionless Crest profiles. The design discharge coef-
ficient of a spillway /10/ may be determined by comparing its crest pro-
£ile with a series of dimensionless crest profiles of known rating.
This method integrates the other factors listed above, and is based on
model studies and prototype tests of numerous dams The general pro-
cedure is to match a dimensionless profile of the spillway section with
dimensionless profiles of structures with known coefficients of dis-
charges as follows:

(1) Divide the coordinates of the spillway profile by the
estimated design head determined as described in paragraph 98. The axis
of coordinates is taken as the high point of the spillway crest.

(2) Plot the dimensionless crest profile (x/Hd, y/ua) on
transparent paper to a scale of 60 units per inch with the design head
equal to 100 units.

(3) Superimpose the dimensionless profiles of step (2)
on the Plates 610, 611, and 612 which are also plotted to a scale of
60 units per inch.

(4) Select the profiles most nearly matching the computed
dimensionless profile and average their coefficients of discharge. In
matching the crest profile for an overfall spillway, it is more impor-
tant to match the upstream and downstream faces simultaneously rather
than the coordinate axis.

£. Ratio of Actual Head to Design Head on Crest. After the
coefficient of discharge for the design head has been determined, it
is desirable to plot a head-discharge coefficient curve. Plate 613
gives the relationship of the coefficient of discharge /10/ for heads
other than the design head on free overfall spillways. For any ratio
of the actual head to the design head, a ratio of the discharge coef-
ficient to the design discharge coefficient may be determined. Know~
ing the design coefficient of discharge, a head vs. discharge coef-
ficient curve may be plotted for the complete range of heads desired.
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103, Discharge Rating Curve. The discharge rating curve of a high
ogee crested spillway would be determined as follows:

(1) Determine the design head, effective length of spill-
way crest, and the coefficient of discharge for the design head by the
methods described in paragraphs 98, 99 and 102, respectively.

(2) Compute and plot the head vs. Cq curve by method
given in paragraph 102. 4

(3) Assume various reservoir water surface elevations and
determine the discharge coefficients from the curve in step (2) above.

(4) Compute the discharge for each reservoir elevation by
equation 6-1.

(5) Plot the reservoir elevation against the resulting
discharge to obtain the discharge rating curve.

104, Example. The computation of the discharge rating curve for
the American Falls Dam with spillway gates fully raised is shown on
Plate 614.

SECTION C: CHUTE SPILLWAYS

105. Definition. Chute spillways are a common type spillway de-
signed for earth dams, and are generally isolated from the dam proper.
This type of spillway is normally constructed in a saddle along the
rim of the reservoir or near the abutment of the dam. The elements of
a chute spillway consist of an approach channel, the weir or control
section, and the chute or discharge channel. The control section of a
chute spillway is normally constructed as an ogee weir with the over-
fall suppressed. Some chute spillways have the control section de~
signed as broad-crested weirs. An example of a typical chute spill-
way is shown on plate 615 which depicts the spillway plan and section
of Kachess Dam.

106. Discharge Capacity of Ogee Weir. The discharge over an ogee
weir type of chute spillway is computed by the basic weir equation

Q= chﬁl'S (6-1)

as described in par. 97.

107, Discharge Capacity of Broad-Crested Weir. The head-discharge
relation over a broad-crested weir is computed by assuming a series of
critical depths on the crest section of the weir. The corresponding
head (H) upstream from the control section is equal to the sum of the
velocity head and critical flow depth plus an additional proportion of
the velocity head to allow for the approach losses. The following
formulas are applicable:

Qe = (ead)03 (6-6)

D R =y
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Al2b, (6-7)

Yo + (1+0h,, (6-8)

critical discharge in cfs at depth y.
area of flow section in sq. ft. at
depth y.
top width of flow section in ft.
velocity head in ft.
critical flow depth in ft
= approach channel head loss coefficient
normally assumed to be 0.1
= total upstream head on crest in ft.

Reference is made to Par. 39 for discharge coefficients for broad-
crested weirs.

108. Design Head. The design head is estimated in the same manner
as for the spillways described in Par. 98.

109. Discharge Coefficient. a. The coefficient of discharge for
the design head is determined as follows:

(1) Plot a dimensionless crest profile as */Hg vs. y/Hd
the same as for the spillway crest described in Par. 102.

(2) Superimpose the dimensionless crest profile on the
profiles /10/ shown on Plated 616 and 617, and select the profiles
that most nearly match the computed profile.

(3) Average the coefficients of discharge for the above
selections to determine the coefficient of discharge at design head.

In matching the computed profile to the typical standard
profiles given on the plates, it should be kept in mind that the flat
portion of the chute immediately downstream of the crest section
would have a more pronounced effect on the coefficient of discharge
than the upstream approach depth. Therefore, it is more important to
match the chute floor immediately downstream of the overfall than the
upstream approach floor.

c. The head~discharge coefficient curve /10/ is computed in
the same manner as for the high ogee spillway; and the ratios of
Cq/Cd and H/Hg should be taken from Plate 618

110. Approach Channel. Relatively long approach channels are
frequently required for chute spillways because of their remote loca-
tion from the dam. A dischaage rating curve computed for the spill-
way should consider the head loss from the reservoir to the spillway
crest. The drop in water surface from the reservoir to the spillway
crest would be the sum of the friction and eddy loss in the approach
channel, and the drawdown of the water surface at the crest of the
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weir. The head loss in the approach channel would be computed by a
backwater computation as described in Par. 85. This friction head

would be added to the head determined by the weir equation to give

the total reservoir head. The total reservoir head or elevation is
plotted against the discharge forming a discharge rating curve.

111. Tailwater. Submergence occurs at the weir of a chute
spillway when the tailwater level is high enough to affect the dis-
charge. If the bottom slope of the chute near the weir is less than
critical, the discharge would normally be affected by tailwatemn con-
ditions. If the bottom slope of the chute is greater than the crit-
jcal slope, the discharge would be affected by the relative eleva-
tion of the chute bottom with respect to the weir crest elevation.
The chute normally has a bottom slope greater than the critical
slope. The control point for supercritical or rapid flow con-
ditions is usually at the weir crest. The water surface profile for
supercritical flow conditions would be computed in the downstream
direction from the weir crest as discussed in Par. 77 and 85. To
begin the flow line computation, the flow depth and the location of
the contrdl point on the weir crest is determined as follows:

(1) Compute the minimum specific energy head for the
flow (equal to the critical depth plus the corresponding velocity
head

) (2) Subtract the minimum specific energy head from the
reservoir pool elevation to obtain the elevation of the spillway
face at the control point. The water surface elevations for the
succeeding sections downstream would be computed by the methods
given in Par. 85. For purposes of determining the amount of sub-
mergence of the weir, it is only necessary to determine the tail-
water profile in the chute a short distance below the control sec-
tion. For chute spillways with ogee crests /11/, the upper ané
lower nappe profiles for any head are determined as discussed in
Par. 26. The nappe thickness or depth of flow downstream from an
ogee spillway crest is estimated as the difference between the
nappe profiles at any point on the spillway face. The fo}lowing
taple is useful in estimating the depth of flow on the §p111way
face. Both the nappe thickness, and the vertical coordinate of .
the spillway face, are expressed as ratios of the head on th? spill-
way crest. The origin of coordinates is the crest of the spillway.

yertical Coordinate of the
spillway Face Downstream

from the Crest (Y/H)
_from t!

Theoretical Nappe

Thickness (t/H)

0.368
0.317
0.294
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112. Submergence. The effect of submergence on a low-head dam
/11/, which is normal design for a chute spillway, is shown as a series
of dimensionless curves on Plate 619. The curves show the effects of
submergence and also the influence of the apron floor on the discharge
coefficient. The dashed lines, designating constant decrease in the
discharge coefficient, indicates the effect of the downstream floor.
When the dashed lines are horizontal, the decrease in the coefficient
is due to submergence. As the apron floor approaches the crest of the
spillway, the decrease in the discharge coefficient approaches 23 per-
cent, and the dam becomes virtually a broad-crested weir. For values
of (hq + y)/H from 1.0 to 1.7, the decrease in the discharge coefficient
is caused by a combination of apron effect and submergence.

113. Crest Piers and Pier Contraction Coefficients. The effect
of piers with the resulting contraction on the flow over a spillway
would be computed by methods given in Par. 99.

114. Discharge Rating Curve. a. The discharge rating curve of a
chute spillway is determined as follows:

(1) Determine the design head, effective length of spillway
crest, and the coefficient of discharge at the design head by the methods
described in Pars. 98, 99, and 109, respectively.

(2) Compute and plot the head vs. discharge coefficient
curve by the methods described in Par. 109.

(3) Assume a reservoir water surface elevation.

(4) Assume no head loss, as a first approximation, in the
approach channel and determine the discharge coefficient from the curve
in step (2) above.

(5) Compute the discharge for the assumed reservoir ele-
vation by equation 6-1.

(6) Compute the head loss in the approach channel for the
computed discharge of step (5) by the methods described in Par. 110.

(7) Recompute the discharge coefficient and the discharge
based on the new head and adjust by trial until a reasonable balance
is secured.
to (7) (8) Assume other reservoir elevations and repeat steps 3)

o .

(9) Plot the reservoir water surface elevation against the
discharge for the rating curve.

Plate 618, showing the relation of the ratios of C, /Cd and
H/Hy, has integrated the effects of submergence by the tailwater and
therefore, it was not considered in the above procedure. ’

115. Example. The computation of the discharge rating curve for
the Kachess Dam spillway with the tainter gates fully open is shown
on Plate 620.
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SECTION D: SIDE CHANNEL SPILLWAYS

116. Definition. Side channel spillways, or lateral flow spill-
ways, are a composite type spillway consisting of an overflow weir,
usually lying at right angles to the axis of the dam, and discharg-
ing into a narrow channel in which the direction of flow is approx-
imately parallel to the weir crest. An example of a side channel
spillway is shown on Plate 621. When the overflow welr is level and
not submerged, the water entering the channel is assumed to be con-
stant per foot of length of weir and the quantity of flow in the chan-
nel increases at a comstant rate progressively downstream. It is
assumed that all the energy of the water flowing over the spillway
crest is dissipated in turbulence and the flow down the spillway chan-
nel is caused entirely by the slope of the water surface in the channel.

117. Discharge Capacity. The discharge capacity of a side channel
spillway is computed by the basic weir equation described in paragraph
97. At heads near the design head, the tailwater often will partially
submerge the upper portion of the weir crest and reduce the discharge.
The head, effective crest length, and coefficient of discharge would be
computed by the methods described for ogee weirs.

118. Water Surface pProfile. a. The water surface profile /12/ in
the discharge channel or the outlet conduit of a side channel spillway
normally is the control at the design head. The following procedure is
used to determine the surface curve in the channel.

b. oOn Plate 622 consider the conditions of flow in the section
of channel between A and B. If (q) is the discharge per foot along the
crest of the weir, and (L) is the length of the weir; then qL = Q, the
total discharge. For amy two sections (AL) apart, the discharge is .
(qaL). TLet Qp = discharge at section 1-1, then Qj + @Al = (.22, the <.115—
charge at section 2-2. The velocity in the channel at'sect:!.on 1-1 is V.
and at section 2-2 it is vp+ V= V. The drop, or rise, in the water-
surface curve Ay in the reach of lengthAL is expressed by the formulas:

,

RGRAL qUpAL ] 629
y=ogra N R

(6-10)

Ay = g + @) Q

Q, (v + V) [ . qV AL

c. When (QL) and (Vl) or (Qz) and (va) are known, select a
trial value for (A¥), compute the &orresponding depth, and solve fo?
Q) and (Vg) or Q) and (Vy). Compute friction losses as explained in
paragraph 80. 1f the sum of tbe depth at tht? low§r point plus the
trial (Ay) plus the friction between the pc.u.nts is equal t? the sum of
the depth at the upper point plus the rise in bottom elevation then tl:.e
trial (Ay) is correct. 1f found to be incorrect, a mew :r%al (Ay) is
gelected and the solution is repeated until a check is obtained.
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H 121. Discharge Rating Curve. The discharge rat
d. 1In order to apply equations 6-9 and 6-10 it is necessary to B computed in the same general manmer as desctigedrinigsczgzxz Xo:ig b
start at a point in the channel where the velocity, area, and depth are B, Chapter V1, and as shown on Plate 614. Discharges approaching the
known. These are known only at the central section, or sections, where design head are checked by computing the water surface profile in the
the flow is at critical depth. £ th outlet channel as described in paragraph 118. If the tailwater sub-

e. The control section may occur either below the end of the merges the weir crest the discharge is modified in accordance with

welr, where the discharge is constant, or within the channel section the method described in paragraph 102

above the end of the weir, where the discharge is vati?ble. 115 t:;z) .

slope of the channel above the end of the weir at "g" (see Plate ] 122. Example. The computation of a water surfac

not sufficient to support flow at critical depth and if the slope of the . B rectanéulz;rzﬁgghel of a side C;zznei sp:llw:y i:fgitegrgii;ia:z the
channel below "B" is sufficient to support flow at less than critical 622. The total discharge over the weir is assumed to be 4000 cubic
depth, the control occurs at wg", 1f the control section is at a point feet per second.

below "B", the water surface curve is computed up to section “B" by

backwater computations as described in paragraph 85.

£. The control section, when occurring in the channel above
"p", is located as follows: Compute critical velocities and depths for
several sections of the channel for the quantity of discharge at these
sections. Starting at the upstream end of the channel compute the drop
in water surface necessary to produce flow at critical depth, using
equation 6-9. Using any convenient scale and starting at an arbitrary
elevation, plot the theoretical water surface curve. Lay off a theo-
retical bottom profile from the theoretical water surface curve with
the computed depths. These two profiles will represent the relation
between the water surface elevation and the bottom profile of the
channel having the same cross sections as the one under consideration
in which critical flow would occur throughout its length. Plot the
profile of the actual channel bottom to the same scale.

g. The control section is at that point in the channel where
the tangent to the profile of the theoretical bottom and the tangent to
the profile of the actual bottom have the same inclination. In sections
of the channel where the theoretical bottom profile is flatter than the
actual bottom profile, the flow will be less than the critical depth;
and in sections where the theoretical bottom profile is steeper than the
actual bottom profile, the flow depfa will be greater than the critical
depth.

SECTION E: VERTICAL SHAFT SPILLWAY

123. Definition. A vertical shaft spillway, also called a "morn-
ing glory" or "glory hole" spillway, consists of a circular funnel
shaped intake converging into a vertical shaft that bends into a
nearly horizontal conduit which normally discharges into a stilling
basin. The funnel shaped intake section normally has one of two pro-
files, an ogee-crest weir profile, or a broad-crested weir profile.

A typical ogee and broad crested morning glory spillway are shown on
plate 623. The ogee-crested weir /13/, as shown on Plate 624, con-
sists of a free-fall section, a decreasing shaft or tramsition sec-
tion, a vertical shaft section and a horizontal conduit section.

The free-fall section has the profile of the lower nappe of a sharp-
crested weir. The transition section is usually circular in cross-
section of decreasing radius to provide a smooth transition from the
free-fall section to the constant diameter vertical shaft and outlet
conduit. The broad-crested weir, as shown on Plate 624, consists of

a nearly flat weir section, a free-fall section, transition section,
and vertical shaft and outlet section. The weir section is given
sufficient length to allow the approach flow to drop to the critical
depth with adequate slope to balance the effects of friction and the
convergence of the flow filaments. The other elements of the vertical
shaft spillway with a broad-crested weir, are the same as those of the
ogee-crest morning glory spillway. The advantages of a vertical shaft
spillway are the small space it occupies and the relatively small head
required to develop the design discharge. A disadvantage of this type
of spillway is that its capacity does not materially increase when the
head on the spillway increases above the design head.

h. The water surface profile upstream from the control section
is computed by equation 6-9. The starting elevation at the control sec-
tion is the critical depth. The water surface profile downstream from
the control section is computed by equation 6-10.

119. Submergence. Submergence of a portion of the weir by the
channel backwater will reduce the discharge over the weir along the
section stbmerged. The amount of submergence which may occur before
resulting in an appreciable change in weir discharge has been discussed
in pardgraphs 102 and 112. For 80 percent submergence, weir discharges
will be decreased by approximately 10 percent of the free discharge.

124. Discharge Capacity. The discharge capacity of a vertical
shaft spillway is computed by either a weir equation or a pipe flow
equation. pischarges below the design discharge are normally con-
trolled by the weir capacity and would be computed by the basic weir
equation. At higher discharges, the capacity of the spillway is con-
trolled by the capacity of the shaft and outlet conduit. The dis-
charge under this condition is computed by the basic pipe flow formula.

120, Swelling. A safe value for the percentage of swell resulting
from the air entrapped by the water is a water surface at five percent
greater depth than computed.
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The design head and

125. Effective Crest Length and Design Head.
Tway would be computed in

effective crest length of a morning glory spil
the same manner as for an ogee spillway (see Pars. 98 and 99).

126. Coefficient of Dpischarge. The weir coefficient of discharg?
/14/ at the design head of an ogee-crested shaft spillway is a function

of the various factors discussed for ogee weirs in Section B, Chapter
VI,and the radius of curvature of the weir, as shown on Plate 625. It
is to be noted from Plate 624 that the design head is measured from the
crest of the weir and the radius is measured to the weir crest. The
coefficient of discharge of a broad-crested weir is a function of the
shape of the weir. Typical values of several types of broad-crested
weirs are given in paragraph 39.

__ 127. Discharge Rating Curve. a.
a vertical shaft spillway 15 determimed—from-parts of two

curves. The lower segment of the rating curve is controlled by the
capacity of the weir until it is submerged by back pressure from the
outlet conduit. The second segment of the rating curve is controlled
by the capacity of the shaft and outlet conduit. The discharge rating
curve turns sharply upward near the design head so that very little
increase in discharge occurs for additional head ca the spillway.

b. Weir Rating Curve. The lower portion of the discharge
rating curve of a shaft spillway would be computed by the basic weir
formula

- 1.5 “(6-
Q = CylH (6-1)

where
discharge in cfs
the effective length of crest, computed
as the crest perimeter of the intake
funnel. -

H upstream head measured from the crest of ~————--

the weir.

Cq = coefficient of discharge.
The computation procedure would be the same as described in para-
graph 103.

(1) Ogee Weir. The coefficient of discharge for an
ogee-crested morning glory spillway would be determined in the same
manner as for a straight ogee spillway and then modified for the con-
vergence of the stream filaments by use of Plate 625. The spillway
profile of a morning glory spillway is normally shaped to fit the
lower nappe of a sharp crested weir at the design head. The design
head would be determined by the methods described in Par. 98 and from
Plate 601. The discharge coefficient at the design head is 3.97. The
design head discharge coefficient is reduced by an amount determined
from Plate 625 due to the convergence of the flow filaments into the
spillway funnel. The coefficient of discharge is also modified for
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heads other than the design head by use of Plate 613. The coefficient
of discharge of an ogee spillway is reduced about 20 percent when the
head is reduced to about 25 percent of the design head, and when the
ratio of design head to the radius is about 0.5.

(2) Broad-Crested Weir. The discharge from a vertical
shaft spillway with a broad-crested weir would be computed by the
basic weir equation with a coefficient of 3.0 and the head (H) meas~
ured from the flat-crested weir (see Plate 624). The value of C
would be lowered if unfavorable flow conditions prevailed in the ap-
proach channel.

c. Shaft Rating Curves. The upper portion of the discharge
rating curve of a vertical shaft spillway is computed as a conduit
flowing full. The total energy head is consumed in the outlet
velocity head plus the head loss due to friction and bends. The
method of computing the discharge for a given head or the head for
a given discharge is discussed in paragraph 59. The head loss
due to bends in large conduits would be computed by the following
equation;

IR S
T (loge £/D + TI2)

K, = ERE R ()

r = radius of bend
D = diameter of conduit

Head loss due to bends in large conduits is discussed further in
paragraph 166. The value of Ky for various values of r/D is given
on Plate 802.

128, Example. The computations of the discharge rating curves
for an ogee-crested shaft spillway and a broad-crested shaft spillway
are shown on Plates 626 and 627 respectively.

SECTION F: SIPHON SPILLWAYS

129. Definition. A siphon is defined as a tube bent to form two
legs of unequal length, by which a liquid can be transferred to a
lower level, over an intermediate elevation, by atmospheric pressure
forcing the liquid up the shorter branch of the pipe immersed in it,
while the excess of weight of the liquid in the lower branch causes a
flow. The siphon spillway is a siphon device used to discharge water
over an intermediate elevation and regulate pool levels within rela-
tively close limits. The component parts of a siphon spillway are the
inlet, the upper leg, the throat, the lower leg and the outlet. Ex-
amples of typical siphon spillways are shown on Plate 628. The ad-
vantage of a siphon spillway is that it attains full discharge cap-
acity upon priming, without having tobuild up head as for an overflow
weir, also the priming head is only several tenths of a foot and
therefore the spillway gives close pool regulation. The disadvantage
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of this type of spillway is that the capacity does not materially in-
crease for increased heads above the priming or design head.

130. Maximim Siphonic Head. The absolute maximum siphonic head
on a siphon spillway would be equal to 34 feet. This is equivalent to
the height a column of water will rise in a vacuum due to an atmospheric
pressure of 14.7 pounds per square inch at sea level, and at a tempera-
ture of 32°F. The maximum effective head on a siphon is considerably
less than the absolute maximum of 34 feet. As the absolute pressure
approaches zero, air is released from the water and accumulates on the
throat of the siphon causing a reduction in flow area and discharge.
Very low absolute pressures may cause sufficient air to collect at the
throat to interrupt the flow intermittently cauding vibration and cavi-
tation. The outlet of a siphon must be flowing full or be submerged
to have full siphonic action. If the siphon does not flow full the
siphonic head would be measured from the throat crest to the point of
separation in the outlet leg. European authorities /15/ suggest that
the hydraulic gradient should be at least 2 meters below the absolute
hydraulic gradient. American design practices /16/ indicate a nega-
tive throat pressure equivalent to 24 feet of water to be the practical
design limit. Siphons have been designed for heads of above 30 feet.

131. Throat. The throat of a siphon spillway is generally of
rectangular section curved to circular arcs. The maximim velocity is
at the crest (bottom) of the throat, and the product of velocity times
radius is constant across the flow section. The velocity depends upon
the degree of rarification at the throat. A vacuum is not produced
even under the most favorable conditions and thus the maximum effec-
tive head may be about 24 to 30 feet at sea level.

}32. Discharge Capacity. a. Siphons attain full discharge im-
mediately upon priming. Since the maximum head available in the pro-
duction of velocity, neglecting losses, is approximately 24 to 30 feet,
any head in excess of this, minus the head required to overcome losses,
is not effective in producing discharge and may be disregarded. The
maximum velocity head at the throat crest (hy.), will be the velocity
head due to the atmospheric (absolute) pressure head (h ¢) minus the
structure losses between the inlet and the crest (szh‘S, plus the
head (h) due to the superelevation of reservoir level over the crest.
The maximim head which can be effective in producing flow with a full
conduit is then

hy(max) = hye # b - By = ZKg hy (6-12)

w}lxere the pressure head at the crest of the throat (h,.) is zero.

Siphons are usually designed so that h,. will not be gss than 10 feet.
b. Flow in the circular curved throat section closely follows

free vortex action and the product of velocity times radius is constant.
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The maximum unit discharge (q) for the throat is:
Ver Te loge(rg/xe) (6-13)

Vor = velocity at crest of throat, maximum throat
velocity

r, = radius of crest of throat

rg = radius of summit of throat

A short table for various values of logg is found on Plate 629.
In equation 6-13:

Ver = (zgth)O.s (6-14)
The total discharge

Q = q times throat width (6-15)

c. The discharge capacity of siphons may be obtained by

equating the gross head, from water surface to water surface or out-
let, (H), to the sum of the structure head losses and the velocity

head loss at the outlet. With the head losses in terms of velocity
head in the throat section, the following equations are employed:

2
vZ 6-16
H= (K, +K) 7% ( )]

2gn )05 )
[ 3K, + xo] (6-17)

V(@K + K;) (6-18)

N - 03 (6-19)
t| 2K, + K,

discharge per unit width

discharge

sum of structure head loss coefficients
velocity head loss coefficient at outlet
mean velocity in throat section

total head

area of throat

[}

t

The relation of mean throat velocity to maximum throat velocity 15/

is found on Plate 630.
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4. Within the limits of permissible velocity, siphon dis-
charge may be represented by:

Q=0¢q A (2g0)0-3 (6-20)

Cq usually varies from 0.6 to 0.8

e. H is the difference between the water surface in the
reservoir and the tailwater provided it is not greater than the limit-
ing head of 34 feet. H in equation 620 is always less than 34 feet.

£, The limiting head decreases with increasing altitude as
shown by Plate 629. The decrease in atmospheric pressure may be taken
as 0.5 lb. for each 1000 feet above sea level, hence the siphonic head
decreases, approximately, 1 foot for each 850 feet of altitude.

g. A severe storm may cause a drop of as much as two feet of
head.

133. Structure Head Losses. The loss of head due to form and
friction losses is described in Chapter 4 and are applicable to siphon
spillways. The bend loss at the throat of a siphon is computed as
follows:

y2
by, = Ky b (6-21)

Ky = 0.23 (rg - ro) /e (6-22)

hy, = bend head loss
ro = radius of crest of throat
rg = radius of summit of throat

134. Discharge Rating Curve. The discharge rating curve of 2
siphon spillway comsists, for all practical purposes, of a near ver-
tical line. The capacity of the siphon upon priming is practically
constant for all reservoir elevations.

135, Example. The discharge capacities of the siphons shown on
Plate 628 are computed as examples and shown on Plates 631, 632, and
633.
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DETERNINATION CF ‘ME DISCHARE R: T.7G CURVE FOU TNE
ANEICAN FALLS DAM

EXPLANATION CF CCPUTATICNS

INITIAL DATA

The basic data was taken from Plate 606,
DIMENSIONLESS CREST PUFILE

The prototype crest dimensions were taken from Plate 606.
Each dirension was divided by the design head (11.3 ft.)
and tabulated in Col. 2, Table I.

The dimensionless ratios of Col, 2, Table I, were plotted
on transparent paper, to a scale of 60 units per inch with
the design head equal to 100 units, and the proZile dravm
as shown,

The direns:onless crest profile was superimposed over the
profiles shown on Plates 610, 611, and 612, The trans-
parency was matched with the upstream and downstream faces
of the profiles simultaneously, not the co-ordinate axis.
The American Falls profile nearly ratched the Keswick Dam
and Davis Dam profiles with Cq = 3,50 and 3.59, respec-
tively, Spillways with straight vertical offsets in the
upstream face perform very much the sarme as a vertical

face spillway. Trom the above comparison, Cyq was estimated
to be 3,55 for the American Falls Dam,

DISCHARGE RATING CURVE

The discharge rating curve of the American Falls Dam was
determined as described in the following steps:

1. The head ratios were assumed as shown in
Col, 1, Table II.

2, 'The heads on the spillway (Col. 2) were
computed as the product of the design
head and the ratios of Col. 1,

The reservoir water surface elevations
(Col. 3) were determined as the sum of
the spillway crest elevation and the
heads of Col. 2,

Plate 61l A

Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

DEPARTMENT OF THE ARMY

(8)

4. For each ratio of actual head to design
head in Col. 1, the ratio of discharge
coefficient to design head discharge
coefficient was determined from Plate
613, and tabulated in Col. 4.

The discharge coefficient (Col. 5) was
determined as the product of the design
head discharge coefficient and the ratios
of Col. k.

The discharge over the spillway (Col. 6)
was computed by Eq. 6-1, in which the
discharge coeffieient was taken from
Col. 5, the heads from Col. 2, and the
effective length of spillway was com-
puted by Eq. 65,

The effective length of spillway crest
was computed as follows:

L=L' - ENE
L' = 15 bays x 33 ft. = 495 ft.

K = Pier coefficient taken from
Plates 603 and 604 with the
head ratios = 0,2 and 1.2,
respectively.

2 contractions x 15 bays = 30
contractions.

491.6 ft. & 490.9 ft. 4
constant crest length of
491 ft. was used for the
conplete range of heads
without appreciable error.

The discharge rating curve was plotted from values in
Cols. 3 and 6 of Table II.

MHB - 12
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CORPS OF ENGINEERS

DETERMIMATION OF THE DISCHARGE RATING CURVE 0.237
FOR THE AMERICAN FALLS DAM

COMPUTATION SHEET

INITIAL DATA

Profile of the spillway crest of the American Falls Dam,
Crest elevation = 4343,2 feet msl.

The design head = 11.3 feet.

15 spillway gates each with 33 feet clear opening.

TABIE I
DIMENSIONLESS CREST PPROFILE

Length or distance Leugt;ln/li‘,l ﬁf‘b
Col. 1 Col.2 <

Upstream face from crest 04354
Upstream crest radius 0.442 K 1.0 2.0
Upper segment of downstream crest radius 1.770 X OVERFALL '
Lower segment of downstream crest radius 3.770 Ha CREST SECTION
_—

Upper P.T. of downstream crest 0,237

Lower P.T. of downstream crest 1.408

The dimensionless crest profile of the American Falls Dam is
shown at the right,
Coefficient of discharge at the design head = 3.55.

TABIE IT
DISCHARGE RATING CURVE COMPUTATIONS

H/E, H | Reservoir W.5. | Co/c, | © - ¢ 1m3/2
G| (e6.) | Elev.(ttinni) o/ ¢ (cfe)
(») (e) (d)

Col, 2 Col.3 Col.l Col.6

q

0 - - 0
2,26 0.85 3. 5020
4,52 0.90 3. 15000
6.79 0.94 3. 28100

3
3
3

9.05 ] 0.975 . 46300
11,30 435,50 1,00 . 66200
13,57 4356.77 1,025 | 3. 89500

+
i

RESERVOIR ELEV. (ft. msl)

4346 |

Hy = 11.30 feet.

L[]
o) gpill;n;'scrut elevation = 4343,20 feet, msl. L§Li“‘ﬂy_cres' 4343.2 OGEE SP”.LWAY
& 5 . 4s4zomj:d EXAMPLE

2 4

The discharge rating curve was plotted from values in Cols, 3
and Col. 6 of Table II. DISCHARGE (10,000¢fs) MILITARY HYDROLOGY R & D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS
[Prepared by Date
Drawn by

PLATE 6148B
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NAME

=
e
e

Agency Valley Dam
Pine View Dam

Rye Patch Dam
Alcova Dam
Alamogordo Dam
Horseshoe Dam
Green Mountain Dam
Moon Lake Dam
Shadow Mountain Dam
Falcon Dam

Boysen Dam

Cascade Dam

PLATE 616 MHB - 12

]
~
[}

.

NAME

D|MENSIONLESS _ _ . Anderson Ranch Dam
SPILLWAY PROFILES J Rrtrott Dam

- Tiber Dam
MILITARY EYDROLOGY R&D BRANCH Boca Dam
WASHINGTON DISTRICT CORPS OF ENGINEER] Fresno Dam
Prepared by Date _ _ Medicine Creek Dam
Drawn by Bull Lake Dam
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Rye Patch
Alcova

Boysen (Final)
Green Mountain
Scofield
Bartlett
Anderson Ranch
Cachuma
Falcon

Unity
Dickinson
Medicine Creek (Low)
Boca

VW W W
O oDNHVILN

b

oW
T e e
o

oW N E D
M=~ w N,

Fresno
Boysen (Prelim)
Caballo

DECREASE IN COEFFICIENT OF ODISCHARGE IN %

CHUTE SPILLWAY

0. 0.9 1,
cq/c 4

COEFFICIENTS OF DISCHARGE FOR OTHER

THAW THE DESIGN HEAD (SPILIWAYS WITH

OVERFALL SUPRESSED).

DISCHARGE COEFFICIENTS

MILITARY HYDROLOGY R& D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date

[Drawn by

PLATE 618
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OCORPS OF ENGINEERS

DETERMINATION OF THE DISCHARGE RATING CURVE FOR KACHESS DAM

EXPLANATION OF COMPUTATIONS

INITIAL DATA

The basic data was taken from Plate 615.

| ; So= 0.05
DIMENSIONLESS CREST PROFILE i :

The dimensionless profile was computed by dividing all
dimensions by the design head of 8.0 ft. These ratios
are tabulated in Col, 2, Table I.

The dimensionless ratios of Col. 2, Table I, were plotted
on transparent paper to a scale of 60 units per inch with
the design head of 8.0 feet equal to 100 units.

1.0 —

x
The dimensionless profile was superimposed on Plates 616 Hy

and 617. Matching the chute floor immediately downstream PROFILE OF GATE SECTION
from the overfall rather than the co-ordinate axis, the § 1

profile of the Kachess Dam spillway agree best with the
-Fresno; Ttber; and Medicine Xreek profilTes Tor™an average
discharge coefficient of about 3.50.

DISCHARGE RATING CURVE

The discharge rating curve was computed as described in
the following steps:

1. The head ratios were assumed as shown
in Col. 1, Table II.

2. The total heads of Col. 2 were determined
as the product of the design head (810 ft.)
and the ratios of Col. 1, Table II.

The coefficient ratios of Col. 3 were
determined from the values of Col. 1 and
Plate 618, The coefficients of discharge
of Col. L were computed as the product of 2 3
the design head coefficient (3.50) and the j i DISCHARGE IN 1000 cfs
ratios of Col. 3.

RESERVOIR ELEVATION ~ feet msl.

[
N

The discharge was computed from the data
of Cols. 2 and L for a spillway width of
50 ft. and entered in Col. 5

Plate €20 4 | CHUTE SPILLWAY
EXAMPLE

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
Drawn by

PLATE 620B



(5)

6)

EXPLANATION OF COMPUTATIONS

INITIAL DATA

The basic data was taken from Plate 615.
DIMENSIONLESS CREST PROFILE

The dimensionless profile was computed by dividing all
dimensions by the design head of 8.0 ft. These ratios
are tabulated in Col. 2, Table I.

The dimensionless ratios of Col. 2, Table I, were plotted
on transparent paper to a scale of 60 units per inch with
the design head of 8.0 feet equal to 100 units.

The dimensionless profile was superimposed on Plates 616
and 617. Matching the chute floor immediately dovmstream
from the overfall rather than the co-ordinate axis, the
profile of the Kachess Dam spillway agree best with the -
Fresno, Tiber, and Medicine Creek profiles for an average
discharge coefficient of about 3.50.

DISCHARGE RATING CURVE

The discharge rating curve was computed as described in
the following steps:

1. The head ratios were assumed as shown
in Col. 1, Table II.

2. The total heads of Col., 2 were determined
as the product of the design head (810 ft.)
and the ratios of Col. 1, Table II.

3. The coefficient ratios of Col. 3 were
determined from the values of Col. 1 and
Plate 618, The coefficients of discharge
of Col. Ly were computed as the product of
the design head coefficient (3.50) and the
ratios of Col. 3.

L. The discharge was computed from the data
of Cols. 2 and 4 for a spillway width of
50 ft. and entered in Col. 5.

Declassified in Pal

DETERMINATION OF THE DISCHARGE RATING CURVE FOR KACHESS DAM

Plate 620 A

ved for Release

50-Yr 2013/10/25 : CIA-RDP81

1043R00230006000:

DEPARTMENT OF THE ARMY

(8)

5. The approach velocity head was computed
from the dimensions of the approach
channel and the discharge of Col. 5.
The flow area of the approach channel
was computed as the ares from the channel
bottom, which was 4.0 feet below the weir
crest, to a water surface elevation corres-
ponding to the total head on the weir. The
actual water surface elevation would be
less than the assumed water surface by an
amount equal to the velocity head. The
flow area was adjusted and the velocity head
recomputed and found to check within 0.1 foot.

6. The difference in the total head of Col., 2
and the velocity head of Col. 6 was added to
the elevation of the weir crest (2254.0 ft.
msl) to give the reservoir water surface
elevation of Col. 7.

" The discharge rating curve was plotted from valuds given“in

Cols. 5 and 7 of Table II.

Plate 620 B

MHB- 12
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CORPS OF ENGINEERS

DETERMINATION OF THE DISCHARGE RATING CURVE FOR A KACHESS DAM

‘l 0.5
' Iten
! ! - Vﬁ\ ':?
INITIAL DATA . I~
1 %
| . P |
1) Profile of the spillway crest of the Kachess Dan. T N
i Crest elevation = 2254.0 - Approach channel: Trapezoidal T ol rm0.5 0.25
! in shape with b = 50 feet at elevation 2250.0 feet msl., __Bl_ 0.50 So= 0.05
i and 1 on 2 side slopes. 4 l 250" ® -[
| \2) The design head = 8.0 feet &
i (3) One spillway gate with 50 foot olear opening. 281 | &
‘ ABLE 1 A
s () DIMENS IONLESS CREST PROFILE 2
1.0 < 1.0
b Length or Distance x/Hy -1.0 0 1.0 2.0 2.5
x
Col. 1 Col. 2 H
LI - Upstream face from crest 0.281 PROFILE OF GATE SECTION
Upstream P.T. from crest 0,172 - -
A (Grest rise from face 0.125
Upstream segment of upstream crest pogl
radius 0.25 +
Downstream segment of downstream
” crest radius 0450
d Downstream crest radius 0.938 2262 /*/
' Downstream bucket radius 1.50 -
Lower P.T. of bucket 1,025 |

RESERVOIR ELEVATION ~ feet msl.
N
%

i 2260
| (5) The dimensionless crest profile of the Kachess Dam is shown at the
right.
(6) Coefficient of discharge at the design head = 3.50
TABLE II
(7 D, COMPUTATIONS 2256
B/H H Cq/Ca QmC LS | V2/2g | Reservoir
i w.s.elev.* 2254
g ' (a) feet (b) cfs feet/sec.| feet msl. 0 1 2 3 4 5 6
3 ! Col. 1 Col. 2 | Col. 3 Col, 4 Col. 5 Col. 6 Col. 7 DISCHARGE IN 1000 cfs
& 0.0 0.00 0.00 0 0,00 2254,0
ey : 0.2 1.60 0.910 3.18 321 0.01 2255.6
3’*‘ ; 0.4 3.20 0.948 3.32 948 0,06 2257.1
; 0.6 4,80 0,974 EROY 1790 0,14 2258.7
23 0.8 6.40 0.992 3.47 2810 0.22 2260,2
i ‘ 1.0 8.00 | 1.000 | 3.50 3950 0.31 2261.7 CHUTE SPILLWAY
1.2 9.60 1.003 3.51 5210 0.38 2263.2 EXAMPLE
(*) Spillway crest elevation = 2254.,0 feet msl.
(a) Hy = 8.0 feet, MILITARY HYDROLOGY R & D BRANCH
(b) Cg = 3.50 WASHINGTON DISTRICT CORPS OF ENGINEERS
(8) The discharge rating curve was plotted from values given in Columns Prepared by Date
5and 7 of Table II. Drawn by
PLATE 620B
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TYPICAL SIDE CHANNEL
SPILLWAY

MILITARY HYDROLOGY R & D BRANCH
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Prepared by Date
Drawn by
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DETERMINATION OF THE WATER SURI;‘ACE PROFILE
FOR A SIDE CHANNEL SPILLWAY

EXPLANATION OF COMPUTATIONS

INITIAL DATA

The assumed physical data for the side channel spillway is

shown on Plate 622 E.

The total discharge over the spill-

way crest was assumed to be 14,000 cfs.

DETERMINATION OF CRITICAL DEPTHS
AND FRICTION LOSS

The critical depths and friction losses i
L were determined
the spillway chamnel as described in the following Srfx:p:long

1.

2,

The channel was divided iato reach
T es as sh
in Col, 1, Table I, Plate 622 C. o

The accumulated discharges were entered in
g:ﬁ.dZ for each station. The discharges were
ed on a unit discharge 1 idt

sy ge rer foot of width

The bottom widths of the rectan

; gular channel
were determined from the plan sho
622 E, and entered in Colr.) 3. v on Flate

The critical depths at the stations of Col. 1

for the discharges of Col
e athom: . 2 were computed from

Q = 5.67 bye)5

as taken from Plate 506. Th
Le . e values of
critical depth were entered in Col. 6‘.’ the
The area and critical iti

n velocities were d i
gromhthe discharges of Col. 2 and the cf‘;ili‘iu‘a;.lw
epths (?f Col. 6, and entered in Cols. 7 anc 8
respectively. ’ “

The hydraulic radius was determined from the areas
B

bottom width: iti
fodgerd s‘, and critical depths and entered in

The friction losses listed in Col. 10 were

determined from the equation

A
pproved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

(2)

Plate 622 A

he = SL '

Plate 503 was used to compute the slope (S)
using the average reach values of the critical
velocity and hydraulic radius of Cols. 8 and 9
respectively. The length of each reach was
determined from Col. 1.

DETERMINATION OF THE THEORETICAL WATER SURFACE PROFILE AND
BOTTOM FROFILE FOR CRITICAL FLOW

The determination of & theoretical water surface profile
and bottom profile that would convey the discharge ab crit-
jcal depth was determined as described in the following

steps:

1.

The values of Cols. 1, 4 6, 7 and 14 were taken
from Table I. The reach lengths were determined
from Col. 1 and entered in Col. 2. The increment
of inflow in each reach was computed as the pro-
duct of 20 cfs per foot of spillway length and the
length of reach and tabulated in Col. 3.

The values of (Q + Q) were determined from Col.
4 as the sum of the discharges at the beginning
and end of each reach and entered in Col. 5.

The values of (vp + V) were determined from Col.
7 as the sum of the critical velocities at ‘the
beginning and end of each reach and entered in
Col. 8.

The change in velocity in each reach was computed
as the difference in the critical velocities of
Col. 7 at the beginning and end of each reach and
entered in Col. 9.

in Cols. 10 through 13

Equation 6-9 was solved
columns, and ¥

from values given in preceding
entered in Col. 13.

The energy loss in each reach was computed as the
sum of y and hy given in Cols. 13 and 14, and
entered in Col. 15. The total energy loss at each
downstream reach was determined as the sum of the
energy loss in ‘the reaches abtove plus the loss in
the reach considered and entered in Col. 16.

The theoretical weter surface profile was plotted
a distance below an arbitrary datum equal to the
values given in Col. 16 for each station given in
Col. 1. Curve A, Plate 622 E depicts the theo-
retical water surface profile with the spillvay
crest used as the datum.

Plate 622 B

ified in Part - Saniti
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TABLE 1
8. The total energy for critical flow at each down- DETERMINATION OF CRITICAL DEPTHS
stream reach vas determined as the sum of the ——— 678(5/bg)0+5
depths of flow listed in Col. 6 and the emergy FROM EQUATION Q = 5.674(A/by)7+2
losses given in Col. 16, and entered in Col. 17. Weir discharge (q) is 20 cfs per linear foot of weir

The theoretical bottom profile for critical flow Critical | Area | Critical | Hydr. | Frictio
D: Bottom Q Titica. . n
vas plotted below the arbitrary datum by the values Station decharge | 0 tn 5,670 5.6% A = bye | Velocity | Radius Loss
given in Col. 17. Curve B, Plate 622E depicts the Q v, -2 | mned he
Yottom profile with the same datum used in step 7. !: £e.2 Ly N (n=.017
Col. 1 Col. 3 | Col. 4 | Col. 5 Col, 7 | Col. 8 | Col.9| col, 10

The control section was determined as the point

where the actual bottom profile was parallel to 0400

the theoretical bottom profile. The control sec- 10,50 59453 e

tion for the given discharge was station 1 + 50 11.25 63.79 <08

as shown on Plate 622E. 1 1250 70,88 BT

COMPUTATION OF THE WATER SURFACE PROFILES UPSTREAM AND 1233 o
DOWNSTREAM FROM CONTROL SECTION B

<13
13

wwn e
o ol on

The water surface profiles upstream and downstream from the
control point at station 1 + 50 were determined 2s described
in the following steps:

WEFFW
LR

TABLE IT

1. The values of the hydraulic properties at the
5 COMPUTATION FOR DETERMINATION OF WATER SURFACE AND BOTTOM PROFILE FOR CRITICAL FLOW

control section (station 1 + 50) were taken from

S TROM BQUATION 8L01: ay = Q (V
Table I, Plate 622C, and the profile on Plate 622E. FROM BQUATION 6801z &y = Q1 (V1 # V2l 0, aLi2)

e (+Q@)
A trial change in depth was assumed in Col, 4 and Q
the water surface elevation determined as the sum
or difference from the water surface elevations
of the downstream or upstream end of the reach
respectively and entered in Col. 5.

)
o
°

Yo + Z(6y + he)
= (6) + (16)

Station
(8)x(11)x(12)
Z(ay + h,)

o
The depth, area, and velocity were determined from )
the discharge and the cross section and entered in

Cols. 6, 7, and 9 respectively. o

AV ft./sec.
= (9) + (20)
ay

(8)

oS v ft./sec

N
o
¥
ol &
ol

8,47

Equation 6-9 was solved in Cols. 10 through 15 200 8.47 19.71 16.86 .03
ive. 00 B .
inclusive o 3.96 11.24 343 3.5 3. 70—
The friction loss was determined by use of the 500 1500 24,94 13.70 16,16  .01035
nomograph on Plate 503 and the reach length, 1000 2500 5.84 13.70 26.65 rss . o102 417 4,30  7.84 13.68
00 . . . .
and entered in Ool- 37, 7 1500 0 a0 155 ® 90 3.2 3.38 1122 1842

00 00 1.37 L1 648 L01331
The total energy loss was determined as the sum 5 2000 35 o2z 16.22 31.3 5 2.70 2.0 14.06 22.28

of the change in depth of Col. 15 and the f ric-
%ion loss of Col. 17 and entered in Col, 18. 500 k500 322 .78 k25 5.0 01380 243 1649 -25.5%
The velues of Col. 18 were compared with the 2500 9.05 17.00 2.30 . R .
values of Col. 4. A new trial was made if the 500 5500 .67 .67 3.53 ka0 o o8 18.67 283
values did not check within a reasonable degree 3000 9.70 17.67 2.05 . . .
of accuracy. 500 6500 35.85 3.03 3.56 L0133 1

3500 10.27 18.18 1.682 1.95 20.62 30.89
The velues of the water surface elevations of 500 7500 36.78 2 2.66  3.08  .0L4k9
Col. 5 were plotted for the stations of Col. 1 4000 10.75 18.60 1.64 1,77 22.39 33.1%
and shown as curve C on Plate 622P. . and V) represent tho dischorge and velocity at the upstrean end of the reach AL and Qg and V2 are the same
functions for the downstream end. The discharge per linear foot of weir 1s represented by Q.

2.28

o
3

PLATE ©2¢C
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1t
(3§m TABLE 111
COMPUTATION FOR WATER SURFACE CURVE UPSTREAM FROM_CONTROL SECTION
2 FROM EQUATION 640L: Ay _1_(";;"_2);( av 4+ 481 V2)
2 K e (Q +Q Q
TR HERIE: Sl | P de s
g | o | FE|A | AR~ (<, | B 28| 3¢ | T |3 e g
] g 23 s : o | Ha| 338 NRE o z zz s | &
= - el 2 s | g8 oy “ | & > + &l o .
3 bl 1 3 B ga|8® a8 alsl - KA u . +s
@ - 2 & 2 & 2 A 5 % E) R % 2 & 2"
(1) (2) 3) (4) (5) (6) (7) (8) (9) |(20) (11) |(12) {(13) (%) (15) (17) (18)
1450 17.50  78.27 17.65
1425 16,25 80.27 3.0 .37 3.28 3.53 6,81 32,02 L0141 3.08 A1 309
3.3 14,00 3.65 7.18  3L.65 3.21 J10 332
1400 15,00 82.27 2.0 12,1 1.9 3.5 5. 26, 01381 1.95 .08 2.03
2,10 12,0 2.0 5.5 26,0 1.98 2,06
2,05 12,05  1.95 5.5 26,05 1.96 .08 2,04
0475 13.75 8475 175 10.55 1.50 4.02 5.52 22,60 .0133 1.66 07 173
0450 12.5  87.25 1.48 8.6 1.95 5.28 7.23 19.15 .012k2 1.72 05 177
T 1.69 9 g2 2,13 7.1 18.97 1.7k 1.79
1.80 . 8.3 2.21 7.49  18.89 1.75 .05 1.80
0425 11.25 90.9  1.83 7.8 5.7 2.64 8,34 10,98 1k,04 01033 1.59 .02 .
1.61 7.58 5.86 2,48 10.82  14.20 1.59 .02
0410 10,5  9%.25 1.52 5.75 3.31 2.55 8.8 11.35  9.17 .00887 .92 .01
92 99.40 5415 5kl 3.7 2.6 10,96 9.56 .93 .01
- ) TABLE 1V
o COMPUTATION FOR DETERMINATION OF WATER SURFACE CURVE DOWNSTREAM FROM_CONTROL SECTION
FROM EQUATION 6402:43 = Q2 (V1 +V2) (av + qaL V1)
e (Q +Q) '_—“Qz
5 3
] é 2
e 2 N = w
— s B 8 . < = . g - a
- —_ sl s EE ° ] ¢ S ~ -~ =)
o IR ae | ™ < ® el < A | e = 3 "
8 PR 8 3 o | Ba a8 s Nk
ped ‘: Se 3 R 5 Al s 3 f) ° g bt - 3 (f?“ ¥ * 4 C‘r‘d " Q
I - b7 I 3 B &l 2 a - q % o < P K3
a | e 2 |& 2 A 2 A 2 3 ol |2 z © Kl
) | () (3) | (5 |6 | [ [ (10) | (1) [(2) | (3 (1) (15) (17)
1450 17.50 78.27 87.97 9.70 170 3000 17.65
Lo7s 1875 k.27 5.50 B2h7 8.2 15k 3500 22.75 5.0 2.52  7.62 bho.ko L0167 5.15 .18
5.6 82,37 8.1 152 23.0  5.35 7.87 40,65 5.35 .18
5.65 82,32 8.05 151 23,18 5.53 8,05 40.83 5.5 .18
5.63 82,34 8,07 15L.31 23.13 5.48 8.00 40,78 5.0 .19
2000 20,00 70,27 .07 78.27 8.0 160  hooo  25.0 1.87 2.89  L.76 148,13  .01655 3.8 .25
MHB-12 PLATE
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Crest El. 100,

SECTION

water Surface
In Channel

PLAN AND PROFILE

E1.100

NJForn of Water Surface and
[ [potton for Critical Depths

ELEVATION - ft. msl.

-' ool
PEdidunuEE
[ || lictunt sovson |
HEE
T

5\

SIDE CHANNEL SPILLWAY
EXAMPLE
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Section 4 Section
Free-Falling Free~Falling
Section

S
SR
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Vertical Shaft section

Free-Falling

Section
BROAD CRESTED SPILLWAY

Vertica) Shaft
Section

ZASTINTY

OGEE SRESTED SPILIWAY

TYPICAL
MORNING GLORY SPILLWAY
MILITARY HYDROLOGY R & D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date

PLATE 623
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T
__ _FEuercy Gradien _

NOTATION

& Spillvay

r = radius of weir to crest

H = Total head on crest

h = depth of flow along flat welr section
' (neglecting drop-down)

t = thickness of jet, normal to centerline of jet

h,x approach velocity head

e

e el

NOTATION

T = radiug of weir to
crest
H = Total head on oges

crested weir g )
hg= approach velocity gg - -
head © _
X,E = horizontal and H
vertical distance &
fron sharp crest to § .
apex of under nappe © MORNING GLORY SPILLWAY 1 B
CRESTS -
- - e . - 0GY R
MILITARY HYDROLOGY R & D BRANCH l l TRICT
WASHINGTON DISTRICT CORPS OF ENGINEERS o
Prepared by Date _ = - R [ B
Drawn by I
PLATE 624 =~ | PLATE 625
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DETERMINATION CF THE DISCHARGE RATING CURVE FOR AN OGEE CREST /3

- MORNING GLORY SPILLWAY Ce L/R

2

EXPLANATION OF COMPUTATIONS 2gn“[2.208 = 0.00492
: INITIAL DATA AP =Dl = 7.2k B3 = 20430 13
Assumed physical data. 660 ft.
The effects of the convergence of the flow filaments for the (0.00492) (660)/13.8 = 0.23
morning glory spillway were determined from Plate 625. The , .
ratio of the design head and the radius of curvature was Bend loss
determined from items (8) and (1) of the initial data. The v 2/2
ratio of the design discharge coefficient of the morning _ by = Xy Vo /28
glory 'spillway to the design discharge coefficient of an ogee .
spillway was found to be 0.977. The coefficient of discharge Ky =
‘of the ogee crest morning glory spillway at the design head

—_1
(loge r/D + [2)
was computed as 0.977 x 3.97 = 3.88.

. Xb = 0,14
WEIR DISCHARGE RATING CURVE _

Total Head
Table I was cgmputed in the same manner as described in item Exit 1.000
on Plate ith Cq = 3.88 and design h £t. X T o
(7) on 1) with Cq = 3 design head of 15 Friction = 0.23%6
DISCHARGE RATING CURVE FOR OUTLET CONDUIT o );‘":il -
o =
The upper segment of the discharge rating curve of the ogee-

crest morning glory spillway was computed as described in the
following steps:

Qa0
1.376 Vo°/2e

The total hezd was computed as the product of

the velocity heads in Col. 3 and 1.376 and
entered in Col. b,

Several discharges were assumed as given in -

Gol 1, Table If.  Discharges were celected The head on the ';“;‘;f@:ﬁmﬂdax {’;‘;.Z’ﬁiﬁf

that appeared to require a greater total head ence batveen the heads :

and a less total head under pipe flow conditions o o entered in Col. 5.

than under weir conditions for the same discharge.

1.

The heads of Col. 5 were added to the weir crest

The outlet velocity and velocity head were deter- . o > elevation to give the ryngrvioiz water surface
mined from the discharges of Col, 1 andthe area elevatior and entered in Col. O.
of the outlet conduit of item (2) and entered in . 1 and
Cols. 2 and 3 respectively. The water surface elevations and discharge data of T"hl:; wl:;r

= 11 were plotted. Below the intersection of the curvezmnethe
The total head on the spillway was determined in controlled the discharge, above the p'oxnt of intersec
terms of the cutlet velocity head as follows: .conduit controlled.
Ho=he+ by + V.%/2g

Friction Loss

‘e = K Vo%/2¢

Plate 626 A
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(9)

(20)

(1)

DETERMINATION OF THE DISCHARGE RATING CURVE FOR AN OGEE CREST
MORNING GLORY SPILLVAY

EXPLANATION OF COMPUTATIONS

INITIAL DATA

Assumed physical data.

The effects of the convergence of the flow filaments for the
morning glory spillway were determined from Plate 625. The
ratio of the design head and the radius of curvature was
determined from items (8) and (1) of the initial data. The
ratio of the design discharge coefficient of the morning
glory spillway to the design discharge coefficient of an ogee
spillway was found to be 0.977. The coefficient of discharge
of the ogee crest morning glory spillway at the design head
was computed as 0.977 x 3.97 = 3.88.

WEIR DISCHARGE RATING CURVE

Table T was computed in the same mamner as described in item
(7) on Plate 61 with Cq = 3.88 and ign head of 15 ft.
S SR =

DISCHARGE RATING CURVE FOR OUTLET CONDUIT

The upper segment of the discharge rating curve of the ogee-
crest morning glory spillway was computed as described in the
following steps:

1. Several discharges were assumed as given in
Col, 1, Table IT. Discharges were selected
that appeared to require a greater total head

~and a less total head under pipe flow conditions
than under weir conditions for the same discharge.

The outlet velocity and velocity head were deter-
mined from the discharges of Col, 1 andthe area
of the outlet conduit of item (2) and entered in
Cols. 2 and 3 respectively.

- —_— - —_——

3. The total head on the spillway was determined in
terms of the outlet velocity head as follows:

H=hg + hy + 7,2/2g
Friction Loss

he = Kp Vo?/2¢

Plate 626 A

DEPARTMENT OF THE ARMY
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(12)

K;:Ct

L/R“'/B

Cg = 2en°[2.208 = 0,00492

R = A/p=D/b=7ah EB3c PR

L = 660 f.
Ky = (0.00492) (660)/13.8 = ©.23

Bend logs
b, = Ky V,7/26
P S
° (loge r/D + [2)
Ky = 0,14

Total Head
Exit 1.000

e - - Bend
° “Total-

The total head was computed
the velocity heads in Col.

Friction = 0.236

0,140 2
1,376 Vo°/2

entered in Col. k.

4, The heed on the weir was computed as the
ence between the hesds of Col. 4 and 135
entered in Col. 5.

5. The hesds of Col. 5 were adde
elevation to give the reservoir water

elevetior and entered in Col. 6.

The water surface elevations and discl}arge data of Tab
11 were plotted. Below the intersection of the curves

controlled the discharge,
conduit controlled..

above the point of intersect

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

3:13.8

as the product of
3 and 1.376 and

differ-
.8 and

d to the weir crest
surface

les I and
the weir

ion the
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(1)

DETERMINATION OF THE DISCHARGE RATING CURVE FOR

OGEE CREST MORNING GLORY SPILLWAYS
COMPUTATIONS

INITIAL DATA

Funnel diameter (2r) = 90,0 ft,
Diameter of vertical shaft and outlet conduit = 28,5 ft.
Badius of 90° bend in outlet conduit = 60,0 ft,
Length of spillvay shaft = 660.0 ft,
Elevation of crest = 3255.0 1t
Elevation of outlet invert = 3105,0 *
Coefficient of friction (Manning's "n") = 0,013
Hy (Determined from Plate 6101) = 15 ft,
Coefficient of discharge at the design head = 3.88
TABIE I
WEIR DISCHARGE RATING CURVE COMPUTATIONS
/8 B Re I Cq/C c CqLats
3 eservoir a/Cq @ Q= Cq
feet W.S. ofs
El. ft. msl.
Col, 1 | Col. 2 Col. 3 Col. 4 | Col. 5 Col. 6
0.0 0 3255.0 - - 0
0.2 3.0 3258.0 0.85 3.30 1,850
[ 6.0 3261,0 0,90 3.9 14,500
0.6 9.0 3264,0 0,94 3,64 27,800
0.8 12.0 3267.0 0.975 3.78 1,400
1.0 15.0 327040 1.00 3.88 63,700
1.2 18,0 3273.0 1.025 3.97 85,800
TABLE II
CONDUIT DISCHARGE RATING COMPUTATIONS
Q Vo = Q/A v, 2 Head on | Reservoir
26 Weir W.S.
cfs ft/sec feet ft. (a)|El. ft. msl
Cols 1| Col. 2 Col. 3 Col, 5| Col. 6
52,000 81.5 103 5.8 3260.8
55,000 86,1 115 22.2 3277.2

(a) Difference in elevation of weir crest and center line of

outlet conduit = 135.8 feet.

Head on weir = H —135.8

o msl,
"

RESERVOIR WATER SURFACE ELEVATION feot msl.

3
327
327
Discharge Bat! ngJ L —1
Cune( J -
3268 ]"
/ N
L I
3264 IA
L |
I
|
3
3256)
0 10 30 4o 50 60 70

DISCHARGE IN 1000 cfs

MORNING GLORY SPILLWAY
OGEE WEIR

MIUTARY HYDROLOOY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date,
Drawn by
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EL. 1000
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SIPHON SPILLWAYS

MILITARY HYDROLOGY R & D BRANCH

WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
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ENGINEERING DATA
FOR SIPHONS
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JASHINGTON DISTRICT CORPS OF ENGINEERS
lPrepared DY Date

Drawn by R

N = Number
Loge = Natural logarithm
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v
ver

= radius of Hroat crest

- " " " surmnmtt
Mear Hhroat velocity

= Crest throalt veloclty

SIPHON SPILLWAY

THROAT RADIUS VS.
THROAT VELOCITY

MILITARY HYDROIOGY R&D BRANCH
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PLATE 630

MHB - 12

DETERMINATION OF THE DISCHARGE
OF A LOW HEAD SIPHON

EXPLANATION OF COMPUTATIONS

INITIAL DATA

Assumed physical data for a low head siphon.
HEAD 10SS COEFFICIENTS

Entrance Loss Coefficient (Kg). A conservative value of
the entrance loss for the siphon was agsumed to be 0.10
and vas determined from Plate

Friction Loss Coefficient (Kf). The friction loss coeffi-

Friction loss LOGLZZCAOR~

cient was determined as described in the following steps:

I, The center line length of the siphon was
determined as the sum of the arc lengths
of the two bends and the length of the
vertical leg, The arc lengths were deter-
mined as the product of the ratio of the
deflection angle to 3600, and the circum-
ference of a circle with a radius equal to
the radius of the bend.

150 =
Upper bend 360 2 4.5 =13.1 ft.
Vertical leg =19.0 ft.
Lover bend 333 2 2.5 = 5.2 ft
Total friction length = 37.3 ft.
The friction head coefficient was computed by
Eq. 4=9 with Op determined from the tabulated
values in Par. 48 for n = 0.012.
R =156 =003 RY2 =019

_CeL  _ (0.00419) (37.3)
K™ ga73 0.919

Ke= 0.17

(12)-  Bend loss Coefficient (Kp). The upper and lower bend
(13) Joss coefficients were computed by Eq. 6-22 as follows:

Kp = 0.23 (rs - re)/re
Upper Kp = 0,23 (6 - 3)/3

Plate 631 A
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Ky =

Kp =

Kp =

(1)

Kge

K,

ge
Outlet Velocity Head.

was expressed in terms
as follows:

(15)

1

K =

(16)

through (15).

an The discharge from the

given in item (16) and

Gradual Expansion Coefficient (K o). The gradual expansion
coefficient was computed by Eq. E

The sum of the velocity head coefficients in terms of
the throat velocity wasdetermined from items (10)

Declassified in Part - Sanitized Co

0.23
0.23 (b - 1)/1
0.69

-20 as follows:

= (1 - Ag/Ao)? Sino-

= 0.01

The outlet velocity head coefficient
of the throat velocity by Eq. L-36
(At/80)%0

(15/20)2 x 1.0

0.56

DISCHARGE COMPUTATION

siphon with an 18 foot head was

computed by Eq. 6-19 using the friction and form losses

the throat area given in item (L). | u

Plate 631 B
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DEPARTMENT OF THE ARMY
DETERMINATION OF THE DISCHARGE
OF A LOW HEAD SIPHON
tem
INITIAL DATA
(1) Siphon illustrated on Plate 628, Example 1.
(2) Normel head 18'
(3) Entrance cross-sectional ares = 5' x 8' = 4O feet 2
2
(&) Throat cross-sectional area = 3t x 5' = 15 feet
2
(5) Leg cross-sectional area = 3t x 5' = 15 feet
(6) Outlet cross-sectional ares = 4 x 5' = 20 feet 2
(7 Upper bend: T = 3 feety Tg = 6 feet, deflection angle
(8) Lower bend: T = 1 foot, T = 4 feet, deflection angle
9 Manning's roughness coefficient = 0.012.
WEAD LOSS COEFFICIENTS
(10) Entrance Loss
(11) Friction Loss
(12) Upper Bend Loss
(13) Lower Bend Loss
(1) Gradual Expansion Loss
(15) Outlet Velocity Head
(16) Total Head ~ 1.76 V2|2
DISCHARGE COMPUTATION
on Ay |2EE— 05 5 |282d8 15]0'5 = 385
Q=4 g 4 K 1.76

= 150°

= 120°

cfs

Prepared by
Drawn by

SIPHON SPILLWAY

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT COR

EXAMPLE
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CORPS OF ENGI R

CHAPTER VIL
NAVIGATION DAMS

.SECTION A: GENERAL CONSIDERATIONS

137. Classification of Navigation Dams. a. Definition. A navi~
gation dam s a barrier consttructed across a river chammel to provide
an increase in depth for navigation. A navigation dam is normally
low in height with its spillway crest or sill at or near the channel
bottom. In contrast,a flood control or power dam is normally con-
structed across the entire river valley and is relatively high with
its crest considerably above the valley floor.

b, Crest Types. The crests of dams used in canalization
/1/ can be classified as fixed, movable (non-navigable or navigable),
and fixed with movable gates.

(1) Fixed Crest, A navigation dam with a fixed cxest is
normally a weir constructed to the height necessary to provide the
navigable depth at the shallowest point upstream. It is an un-
controlled weir and the discharge is computed by methods described in
chapters III and VI.

(2) Movable, Non-Navigable Crest. A dam with a movable
non-navigable crest consists of a very low concrete 511l on which
gates are superposed. Each gate may be raised or loyered, but the
crest will not permit passage of vessels without the use of a lock.

(3) Movable, Navigable Crest. The movable, navigable
dam consists of a very low sill upon which is superposed a wicket or
gate structure to'control the upstream water surface, but which when
collapsed allows passage of vessels upstream without the use of a lock.

(4) Fixed Weir With Movable Crest. The fixed dam with a
movable crest is a compromise between a fixed crest dam and a movable
crest dam that is non-navigable. The crest is not as high as a fixed
crest dam, yet higher than the sill of the movable crest dam. It acts
as a gated submerged weir,

SIPHON SPILLWAY
EXAMPLE

= 6.03 V?/2¢g

DETERMINATION OF THE DISCEARGE
OF A EIGR HEAD SIPEON
INITIAL DATA
HEAD 10SS COEFFICIENTS
DISCHARGE COMPUTATIONS

Entrance Loos
Friction Loos

Upper Bend Lons
Lover Bend loss
Outlet Velocity Read

Physical data listed in Items (3), (4), (5), (6), (?), (8), (9), end (12)
Total Head

on Plats 632,
Reotricted cross-sectional area = 6.85 square feot.

Siphon illustrated on Plate 628, Example 2b.
Reotricted outlet at slevation 942.0 feot mal.

Lover bend identical with upper bead.

Norsal head = 54.0 feot
Friction length = 94.0 foot.

[$3]
(2
(%)

item (2).

138. Crest Control of Navigation Dams. The crest or sills of navi-
gation dams /1/ often are controlled by means of collapsible wickets or

gates.

(10), Plate 631.
(11), Plate 631.

a. Collapsible Controls. The collapsible type of crest con-
trol is used on crests of movable, navigable, and non-navigable types
of dams, as described above. The controls would normally consist of
Chanoine wickets for the navigable pass and Chanoine, or Bebout
wickets, Boule trestles, or beartrap gates for the regulating weir.
Each of these crest controls collapses on the sill during flood flows,
and does not apprecilably obstruct the flood passage. The "'swellhead"
or rise in the upstream water surface under flood conditions would
be computed by the methods described in par. 140. Pictures and de-
scriptions of the various types of wickets and gates used as collaps-
ible controls are given on Figures 1 to 3, inclusive, on Plate 701.

The entrance loss coeffictent
(14), Plate 632.

Tho friction loss coefficient

Tho uppor and lover bend loss
The structure and outlet losses were

INITIAL DATA
Head. The outlet velocity head was expre

DETERMINATION OF THE DISCEARGE
OF A HIGH HEAD SIPRON

SXPLANATION OF COMPUTATIONS
HEAD 10SS COEFFICIENTS

Friction longth = 94.0 ft.

2. FPriction loss coefficient.

In torms of the fhroat velocity by Bq. =36 as follows:

DISCHAROE COMPUTATION

Loss Coeffictent (K¢)
Van doternined in the same zanner as item

1
K= (y/ho)%, = (15685)7 x 1.0 = b.80

The sun of the velocity head coefficionts was determined from
The dischargs from the high head siphon was computed by Eq. 6-19

items (8) through (12).
eiven in item (13) and the throat aren vas given in

issuned physical data for & high head siphon.
Ensrance Loss Coefficient (Eg).

Vas dotermined in the sase manner as item
Bend Lono Cooffictent (Ep).

coefTicients vere idontical to item

for a head of 54.0 ft.

out:

®
(10)-
(1)
(13)
(14)

PLATE 633
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Par. 138b

b. Gate Controls. The gate type of crest control is used on
crests of movable, non-navigable types of dams. The gates are of four
general types: roller gates, tainter gates (nonsubmersible and sub-
mersible), vertical lift gates and Sidney type gates. Each of these
gates are fixed between piers on the crest or sill of the dam and
moves vertically to pass regulation or flood flows under the gate.

The roller gate and submersible tainter gate are designed to pass
moderate regulation flows over, as well as under, the gates. Pictures
and descriptions of the various types of gates are given on Figures

4 to 7, inclusive, on Plate 701. Discharges from the gates on a navi-
gation dam would be computed for conditions of full and partial gate
opening.

SECTION B: CREST GATES FULLY OPEN

139. Applications. Low head barrages such as diversion and navi-
gation dams usually discharge their outflows at or near riverbed levels
through a series of gates separated by masonry piers. The gates are
normally fully opened for the passage of flood flows. The head re-
quired above tailwater to establish flow through the structure is equal
to the hydraulic loss through the structure. The hydraulic losses are
caused by contraction of the flow at the abutments and at the piers,
friction of the flow on the pier walls, expansion of the flow into the
channel downstream, and (in the case of gate spillways) turbulence at
the gate and stop log recesses. A discharge rating curve is determined
from the tailwater rating curve at the structure and the use of
D'Aubuisson's or Nagler's Formula to compute the head loss through the
structure.

140. Discharge Capacity. a. The discharge capacity of a fully
opened gate is determined by adding the tailwater elevation, and the
head loss through the structure for each discharge. The head loss
through the structure would be determined by the equation:

By = he + hg + hy + hy + hy 7-1)

Hy = the total headloss through the structure

h, = the head loss at the entrance including the loss
due to contraction at the upstream ends of the

piers

hg = the loss due to friction on the piers

h, = the head loss at the exit of the structure

h, = the head loss due to stop log recesses (taken as
0.05 velocity head through the structure)

hg = the head loss due to gate recesses (taken as 0.10
velocity head through the structure)

ved for Release
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Par. 140b

b. The D'Aubuisson or Nagler formula /2] & /3/ would take care
of the entrance, friction, and exit losses. Therefore, the total head
loss would be

Hy,

7-2
hy +h +hy (1-2)
hy = the head loss computed by the D*Aubuisson or
Nagler equation.

. The D'Aubuisson formula is not applicable to cases where
the swellhead is greater than 0.2 times the depth of water above the
weir(measured to the sill elevation). For swellheads greater than this,
the basic weir formula, Q = cqml-fv is applicable. The D'Aubuisson
formula should be used only where the flow is subcritical. The Nagler
formula may be used where the flow is suberitical, critical and even
supercritical.

The D'Aubuisson Equation:

0.
Q= Ky byyz (28hg + v, 203

y2 =93

ha= (5 VoPi2e - v P2
¥p

The Nagler Equation:
2,, 0.5
Q= kg by 207 (y3 - 0.3 v,2/28) (ng + ¥1*/20) (7-5)

where . .
the quantity of water flowing in cubic feet per second.

the mean depth of the water upstream from the nose of
the pier at a distance equal to the length of the pier.

the mean depth of the stream in the most contracted
section of the opening.

the mean depth of the water in the channel below the con-
traction; that is, the depth in the unobstructed channel.

the mean width of the channel above the contraction.

the mean width of flow at the most contracted section of
the opening.

the mean width of the channel below the contraction,
ordinarily equal to bj.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2
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the mean velocity of the water above the contraction = Q/bj y;

the mean velocity of the water in the most contracted section
of the channel = Q/b, y;

the mean velocity of the water in the channel below the
contraction = Q/bj y3

the drop of the water surface in passing through the
contraction = y; -

the accelevation of gravity.

cross-sectional area of obstruction
cross-sectional area of channel
a pier-shape coefficient to take account of the losses due to
friction, impact, eddies, etc., in D'Aubuisson's formula,
see Plate 703.
= Nagler pier shape coefficient, see Plate 703.
velocity head correction coefficient, Plate 702.

channel contraction ratio =

d. Factors affectimg Xp and Ky /4/, see Plate 705, are:

(1) The shape of the pier nose and tail.

(2) The percentage of channel contraction caused by the pier.

(3) The length of the pier.

(4) The angle which the pier makes with the thread of the
stream. For angles of 10° or less, there is no difference in the pier
less coefficient. With the pier at a 20 angle to the current, a decrease
of about 7 percent in either the D'Aubuisson or Nagler coefficient will
result.

- -(5) Dam abutments, sills and gate-recesses. The net effect
of the combined obstruction losses due to pier recesses, locks, non-
overflow sections and low sills amounted to 1l.4 percent reduction in
either the D'Aubuisson or Nagler coefficients for a number of the Upper
Mississippi Rivdr navigation dams.

e. The total head loss through the structure for subcritical flow
is computed by Equation 7-2, with Equation 7-4 used to compute hy. The
head lost through the structure is

2 2 2
1\ V2 VN
Hy (g)-f) 78 T+ 0.15 7g 75 (7-6)

141. Stillwater Barriers. Any structure that restricts the flow of
water and causes the water surface to rise above its natural flow profile,
would be termed a stillwater barrier. Navigation dams, bridges, weirs,
cofferdams, and channel stabilization structures such as wing dams and
groins are examples of stillwater barriers. Each of these structures
creates an obstruction to the flow of water in the stream, and the effect
of the flow constriction is projected upstream by the backwater profile.
If the water surface is raised to an abnormal height, the overbank areas
would be flooded, thereby creating an effective defensive water barrier.
The head necessary to convey a given discharge through a constricted
opening is computed by the methods described in Par. 140. If the ob~
struction is in the form of a weir the head would be computed by the
methods described in chapter III.

Par. 142

142. Discharge Rating Curve for Gates Fully Open. The discharge
rating of a navigation dam would consist of a series of curves with
the upstream water surface elevation plotted against the discharge.
Each curve represents a specific number of gates fully open. The
general method of computing the discharge rating curve for a single
fully opened gate is applicable to any number of gate openings.

The discharge rating cuxve for one gate fully open would be computed
as follows:

(L) Assume a discharge and determine the tailwater ele-
vation from the tailwater rating curve.

(2) The head loss through the structure is then computed
by the D'Aubuisson or Nagler formula as described in Par. 140.

(3) Add the head loss, computed by equation 7-6, to the
tailwater elevation, and this elevation and discharge would form one
point on the discharge rating curve.

(4) Other discharges are assumed and the headwater ele-
vatibns computed and plotted in the same manner as steps (1) through
(3). The curve drawn through the points would be the rating curve for
one gate completely open.

(5) Other combinatidns of gate openings would be assumed
and the process repeated resulting in a family of curves representing
the rating of the structure for the desired gate operating conditionms.
It must be realized, however, that the discharge from several fully
opened gates would not be the same as the product of the number of
gates, and the discharge from one gate. The difference in the tail-
water elevation and the approach velocity for the increased discharge
requires a new computation to be made for each” gate schedule. -

143. Example. The computation of the discharge rating curve of
a low head navigation dam with all of the gates fully open is shown
on Plate 706.

SECTION C: CREST GATES PARTIALLY OPEN

144. Applications. The crests of navigation dams, diversion dams
that are non-navigable, and run of the river power dams are usually
controlled by roller, tainter, or vertical lift gates. When the gates
are fully opened the discharge is computed by the method described in
Par. 142. The crest gates may be partially opened to release small
regulatory flows. The flow under a partially opened gate would either
be free or submerged depending on the tailwater elevatiorn for each
rate of discharge. If the tailwater is of moderate depth, tke jet of
water emerging from unrder the gate may form a hydraulic jump and there-
fore flow as a free jet under the gate lip. If the tailwater depth is
greater than the sequent depth of the hydraulic jump, the jump would be
submerged and the flow would act as a submerged jet. Under both con-
ditions the discharge would be computed by means of an orifice type
equation. The degree of submergence of the jet by the tailwater or
the formation of the hydraulic jump would affect the coefficient of
discharge.

79
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Pax. 145.

145, Tailwater Rating Curve. A tailwater rating curve below the
structure would be determined as described in Par. 86.

146, Effective Gate Opening. The effective gate opening on a
spillway 1s defined as the minimum opening between the gate lip and
the nearest point to the spillway profile. The gate seat of a spill-
way gate is normally located downstream from the spillway crest. The
effective gate opening on an ogee crest would be less than the normal
gate opening because of the curvature of the spillway profile. The
effective gate opening for a given opening above the gate seat would
be computed as follows:

(1) Draw to scale the spillway crest and gate profile.

(2) Assume various openings of the gate above the gate
seat.

(3) Scale the distance from the gate lip to the nearest
point on the spillway profile. This minimum opening would be the ef-
fective gate opening used in computing the discharge under the gate.
The effective and normal gate openings are identical for gates located
on horizontal spillway crests.

147. Effective Head. The effective head on a partially opened
crest gate would be the head measured from the water surface to the
nearest point on the spillway profile as determined in Par. 146.

148, Effective Gate Lip Angle. The effective gate lip angle of a
spillway crest gate is defined as the angle between the tangent to the

gate lip and the tangent to the spillway profile at the nearest crest
point from the gate lip.

149. Effective Gate Length. The effective gate width or length
for partial gate openings is normally the net gate length unless
there is severe contraction effects due to the pier shape or gate
recesses. For conditions of severe contraction effects the gate
length would be modified by the same methods as given in Par. 99 for
the effective crest length of a spillway.

150. Discharge Capacity. The discharge under a partially opened
gate would be computed by the orifice equation

Q = CgbL (2g0)0-> (7-7)

= the discharge in cfs
the effective gate opening in ft.
the effective length of gate in ft.
the effective head on the gate in ft.
acceleration of gravity
coefficient of discharge

roved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

Par. 151

151. Coefficient of Discharge. The coefficient of discharge of
submerged vertical sluice gates is a function of the gate shape, the
upstream and downstream depths and the gate opening. Plate 707 shows
the relationship of the discharge coefficient /5/ as a function of the
headwater and tailwater depths and the effective gate opening. This
plate is applicable for submerged flow or free discharge.

152, Coefficient of Contraction. The coefficient of contraction
of a free or submerged tainter gete or an inclined sluice gate is a
function of the effective gate lip angle and the ratio of the head to
the gate opening. The relationship between the effective gate lip
angle and the coefficient of contraction /6/ for various ratios of
head to gate opening is shown on Plates 708 and 709 for the taimter
gate and inclined sluice gate respectively.

153. Head Loss. The discharge of a submerged tainter gate is a
function of the effective gate lip angle, the gate opening, and the
upstream and down stream depths. The effective gate lip angle is de~
fined in Par. 148 and is a function of the radius of the tainter gate
arm, the height of the trunnion pin above the gate seat, the shape of
the spillway crest and the gate opening. The ratio of the total head
loss (Hp) to the tailwater velocity head of a submerged tainter gate
/7] was plotted as a function of the ratio of the tailwater to vena
contracta depths for different values of the ratio of headwater to
tailwater depths as shown on Plate 710.

154. Discharge Rating Curve for Gates Partially Open. a. The dis-

charge rating of a navigation dam, with gates partially open, would
consist of a series of curves with the upstream water surface plotted
against the discherge. Each curve represents a fixed condition of
gate opening for all of the gates on the dam. Normally each curve
represents an operation schedule in which all gates are opened an
equal amount. The gemeral method used to compute the discharge rating
curve for a single partially opened gate would be applicable for amy
number of gates if they were all opened an equal amount. The discharge
from several partially opened gates, however, would not be the same
as the product of the number of gates and the discharge from one gate.
The change in tailwater elevation and approach velocity must be com-
sidered for each change in gate schedule.
b. Vertical Sluice Gates. The discharge rating curve of a

single sluice gate would be computed as follows:

(1) Assume a gate opening and a discharge under the gate.

(2) Compute the head on the gate by Eq. 7-7 with an
assumed coefficient of discharge equal to 0.5 as a first approximation.

(3) Determine the tailwater elevation from the tailwater
rating curve.

(4) With the upstream and downstream water surface ele-
vations a2nd the gate opening given, determine the coefficient of dis-
ckarge from Plate 707.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2



roved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2

Par. 154b(5)

(5) The discharge is computed by Eq. 7-7 using the dis-
charge coefficient and the head determined in steps (4) and (2). The
discharge is compared with the assumed discharge of step (1) and if
different a new trial is made until a reasonable balance is secured.

(6) Other discharges are assumed for the same gate open-
ing and the heads computed and plotted in the same manner as given in
steps (1) through (5). The curve drawn through the plotted points
would be the rating curve for the assumed gate opening.

(7) Other gate openings would be assumed and the process
repeated, resulting in a family of curves representing a complete
rating of the gf;te structure.

c. Radial or Tainter Gates. The discharge rating curve of
a single tainter gate would be computed as follows:

(1) Assume a discharge and gate opening.

(2) Determine the tailwater depths from the tailwater
rating curve for the assumed discharge.

(3) Determine the velocity head V22/2g from the tailwater
depth and the discharge per foot of width of gate.

(4) Determine the effective gate opening and the effective
gate lip angle as described in Par. 146 and 148 respectively.

(5) Determine the coefficient of contraction from Plate
708, using the effective gate lip angle of (4) above, and an estimated
value of the ratio of head to gate opening. (The variation of the con-
traction coefficient is small for the entire range of ratios of the

_head to_gate opening). If greater accuracy is desired, the contraction
coefficient may be revised in a second computation.

(6) Determine the ratio of the tailwater depth to the vena
contracta depth. The vena contracta depth would be the product of the
contraction coefficient and the effective gate.opening determined in
steps (4) and (5) above.

(7) Enter Plate 710 with the ratio of tailwater depth to
vena contracta depth and determine the value of the ratio of head loss
to tailwater velocity head, As in step (5) an average value should be
assumed and revised if greater accuracy is desired. Normally for mili-
tary hydrology purposes an estimate can be made of the ratio of head to
tailwater depth and the curve selected that will give a reasonable
value of the head loss ratio.

(8) Determine the head loss as the product of the ratio
determined in step (7) and the tailwater velocity head determined in
step (3) above.

(9) The headwater depth plus the headwater velocity head
would be equal to the sum of the tailwater depth, the tailwater velocity
head, and the head loss as determined in steps (2), (3), and (8) re-
spectively.

(10) Assuming the velocity head to be zero the headwater
depth would then be equal to the value computed in step (9).

Par. 154c(ll)

(11) Compute the average velocity of approach to the dam as
the quotient of the assumed discharge in step (1) and the cross-sectional
area of the river upstream from the dam at a depth equal to step (9).

(12) The upstream depth is reduced by an amount equal to the
velocity head computed from the average velocity of step (11).

(13) The coefficient of contraction of step (5) and the head
loss of step (8) are corrected for the upstream and downstream depths as
computed in steps (12) and (1) respectively and steps (1) through (12)
repeated if the accuracy warrants.

(14) The discharge is plotted against the upstream water sur-
face elevation and forms one point on the rating cuxve for the given gate
opening.

(15) Other discharges are assumed for the same gate opening
and the heads computed and plotted in the same manner as given in steps
(1) through (14). The curve drawn through the plotted points would be
the rating curve for the assumed gate opening.

(16) Other gate openings would be assumed and the process re-
peated, resulting in a family of curves representing a complete rating
of the gate structure.

(17) The discharges should be checked for the hydraulic jump
as described below.

d. Hydraulic Jump. The discharge under a partially opened
sluice or tainter gate should be checked to see if the hydraulic jump
occurs. If the tailwater depth is at or below the sequent depth for amy
-discharge, the hydraulic jump would be formed. The method of computing
the discharge under a tainter gate, as described in (c) above, would be
in error if the flow occurred as free efflux with the jump. The dis-
charge under a tainter gate for conditions of free efflux is computed
by methods described in Chapter IX. The sequent depth for each discharge
is computed as follows:

(1) The initial depth is computed as the product of the con-
traction coefficient and the effective gate opening.

(2) The unit discharge is determined as the quotient of the
discharge and the gate width.

(3) The sequent depth would be determined from Plate 512 for
the values of the initial depth and unit discharge of steps (1) and (2)
respectively.

e. Roller Gates. A roller gate normally has a lip similar in
shape and design to the lip of a tainter gate. Therefore, for partial
gate openings the discharge under the lip of a roller gate is computed
in the same manner as described for a tainter gate in subparagraph (c)
above.

155. Example. The computgtion of the discharge rating curve of a
low head navigation dam with tainter gates partially opened is shown
on Plate 711.
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CHANOINE WICKET.
Par. 156 The Chanoine wicket is a narrow wooden leaf which when raised is
supported in an inclined position by a prop, and when lowered, lies flat
156. References. on the foundation just downstream from the sill. The wicket is usually
reised and lowered from a maneuver boat, Alarge number of such wickets
“Canalization", Engineering Gonstruction, Vol. I, The Engineer i side by side constitutes a movable dam.

School, Fort Belyoir, Va. 1940.

Nagler, F. A. "Obstruction of Bridge Piers to the Flow of Water". 5 ey
Trans. ASCE, Vol. 83, 1919. p 1149.

Woodward, S. M. and Posey, C. J. Hydraulics of Steady Flow in
Open Channels. John Wiley and Soms, 1941. p 125.

Preliminary Draft, "Part CXVI Hydraulic Design, Chepter 5,
Navigation Dams". Engineering Manual for Civil Works, Offlice
Chief of Engineers, Corps of Engineers, Dept. of the Army.

Henry, H. R. '"Characteristics of Sluice Gate Discharge,"
MS Thesis, State University of Iowa, 1949.

Gentilini, Bruno. "Ecoulement sous les vannes de fond inclinees
ou a secteur--resultats techniques et experimentaux'.
La Houille Blanche. Vol. 2, 1947 pp 145-149. ('Flow Under
Inclined or Radial Gates":. Corps of Engineers Research Center,
Waterways Experiment Stationm, Vicksburg, Mississippi.
Translation No. 51-9),

Toch, A. "Discharge Characteristics of Tainter Gates'.
Proceedings ASCE. Vol. 79, Separate No. 295, October 1953.

Bebout wicket on the left, Chanoine wicket on the right.
Note the difference between the Bebout & Chanoine sills
and foundations.
BEBOUT WICKET.

The Bebout wicket is designed for sutomatic tripping. The Bebout horse
consists of two vertical arms, each hinged at the middle on a horizontal
shaft. The diagonal prop is a trussed steel member, pivotgd on a shaft
fastened to the wicket, and to the downstream end of a base stiffening truss
lying on the foundation. The Bebout wicket may be manually tripped, and
caused to collapse. Flgure [

CHANOINE 8 BEBOUT WICKETS
MHB-I12 PLATE 70lA
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BEARTRAP GATE
BOULE DAM

A besrtrap gate or weir is built with two sections, or leaves which
aro hingod at their lower ends. The downstream leaf is & buoyant hollow
The Boulé dam consists of a number of collapsible trestles which 1 member. The upstream leaf is a nonbuoyant section fabricated of wood and
Each trestle is a structural steel A-frame v steel. The beartrap woir forms a flat inverted V in the raised and inter-
placed at right angles to the axis of the dam, Each frame is hinged mediate positions. The sections are raised by changes in hydrostatic
to the foundation so that the trestles may be lowered behind the sill pressure, introduced through valve controlled culverts on the underside
when the dam is down. The top of each is permanently connected to the _ of the leaves.
top of the next by a chain of greater length than the trestls spacing.
When the trestles are erect and the shutters in place the structure
forms a dam.

support movable shutters.
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Figure 2
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Figure 3
BEARTRAP GATE
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Figure 5
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DETERMINATION (F THE DISCHARGE RATING CURVE FC(R A LOW HEAD
} NAVIGATION DAM

i EXPLANATION CF COMPUTATIONS
Item
INITIAL DATA

(1)~
(5) Assumed physical data of a low head navigation dam.

(6) The tailwater rating curve was computed by methods given in
_ Chapter V and plotted as shown.

HEAD DISCHARGE COMPUTATIONS
s o TAINTER GATES FULLY OPEN

(7) The discharge a low head navigation dam with all gates
_ fully open was computed as described in the following steps:

1. The discharges were assumed as tabulated in
_ Col, 1, Table I.

2, The tailwater elevation for each discharge
_ listed in Col. 1 was determined from the
tailwater rating curve and entered in Col. 2.

= a 3. The average velocity through the most contracted
- : : . : section of the damwas compufed for edch dis- ~ - - -
charge. The flow area was taken as the product
_ of the net gate opening and the tailwater depth.
Therefore the average velocity was the quotient
of the discharces of Col. 1 divided by 1000 times
_ the tailwater depth of Col. 2, and entered in Col. 3.

Li. The velocity heads of the average velocities of
o Col. 3 were determined and entered in Col. L.

5. The head loss was computed by equation 7-6.
- The value of Kp = 1,22 was taken from Plate 705
for piers with semicircular noses and tails and
a channel contracdtion ratio of 1- 1000/1500 = 33%
e @ for class 1 flow, The equation of the head loss is:

I Hp, + V12/2g = (1L2?)2 V,2/2g + 0.15 V,2/2g
. Hy, = 712/2g = 0.82 V,2/2¢

_ Plate 706 A
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DEPARTMENT OF THE ARMY . CORPS QF ENGINEERS

DETERMINATION OF THE DISCHARGE RATING CURVE FOR 4 LOW EEAD
NAVIGATION DA

ALL GATES FULLY OPEN

Values of the velocity head at the contracted
section listed in Col. 4 were miltiplied by
the coefficient 0.82 and entered in Col. 5. INTTIAL DATA

The total head H including the approach velo= 20 - 501 x 20' Tainter gates for a low head dam (gates fully opon)

33»:3?%:?7 §°,"’Zﬁﬁ°3£§£f§’ﬁ§,§h§z’i§§"2§§f Gate seats on a flat sill at river bottom elevation
tracted area of Col. 4, and the head loss plus
approach velocity head of Col. 5, and entered
in Col. 6.

Piers 8' wide with semi-circular noses and teils

Piers parallel to the current

The approach velocity head was computed b -
dividing the Ainenarges of Col. 1 o 1500 2., Total width of river above dam = 1500 ft.
the upstream channel width, to get the discharge
per foot of width, The discharge per foot of
width vas then divided by the total upstream
head given in Col., 6 to give the average ap- TABLE I

proach velocity. The approach velocity head HEAD DISCHARGE COMPUTATIONS
was deternmined from the average approach velo- 70 60 8 100 120 10 160 180 200
city and entered in Col. 7. Q in 1000 cfs.

TAILWATER DEPTH in Ft.

Tailvater rating curve at the dam is shown

The velocity heads of Col. 7 were subtracted e Vo | v,/ |y # Vil2 5. TAILWATER RATING CURVE
from the total heads of Col. 6 to give the ofs V2 4 1
upstrean depth, and were listed in Col. & fefsec | ft. |=0.82V5/34 2 .

Col, 1 Cols 3| Col., 4 Col. 5 [ coll 8

was corrected by using the upstream depths in 20,000 2,63 | 0,107 0,09 7.76
Col. 8 instead of the total heads of Col. 6 46 462 0.38% 11,66
as descrided above and the corrected depth was 60,000 5 0,46 +3 .

entered in Col. 9. 100,000 8.06 | 1.01 0.83 13.90

140,000 10.5 1.72 141 15.93

The average approach velocity head of Col. 7

DISCHARGE RATING CURVE

200,000 .3 3.16 2.60 19.05

(8) The headwater depths listed in Col. 9, Table I were plotted
against the discharges of Col. 1 and the discharge rating
curve drawn.

HEADWATER DEPTH in FT.

L EXAMPLE
NAVIGATION DAM
GATES FULLY OPENED
0 w60 B0 100 MILITARY HYDROLOGY R & D BRANCH
Q in 1000 cfs WASHINGTON DISTRICT CORPS OF ENGINEERS

DISCHARGE RATING CURVE Prepared by
20 - 50" x 20' Tainter Gates Fully Open | Drawn by

PLATE 7068
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DEPARTMENT OF THE ARMY CORPS OF ENGINEERS

DETERMINATION OF THE DISCHARGE RATING CURVE
FOR SUBMERGED TAINTER GATES

EXPLANATION OF COMPUTATIONS

B i EE= 1 ] | INITIAL DATA

et

The physical data was given in items (1) through (7).
The tailwater rating curve was given on Plate 706,
GATE ANGLE AND CONTRACTION COEFFICIENT

The gate 1ip angle and the coefficient of contraction were
determined as described in the following steps:

1. The gate openings were assumed as shown in
Col, 1, Table I.

BEE=
R
élg%'g

EE N 2, The cosine of the gate lip angle was compu-
EEEEE&%EEE!@ = - ted for each value of the gate opening in Col. 1
EE ﬁ&%&eﬁﬂ it and entered in Col., 2. An example for a gate

REN INHIEESS i opening of 2.0 feet is as follows:
(Trunnion Pin Elev, - Gate Lip Elev.)
(Radius of Curvature of the Tainter Gate)

s

Cos @ =

_20 =2 _

=3 = 0,600
The arc-cosine of the tabulated values in Col. 2
were determined and tabulated in Col., 3.

R
=aim

]

0 = Cos™ 0,600 = 53.1°

The coefficient of contraction was determined
from Plate 708 for each of the values of @
1isted in Col., 3 and tabulated in Col. 4.

i e

Bt
HEE

]

’

SEE

e
L
e

)

ol

HEADLOSS

SUBMERGED TAINTER GATE Plate 7il &

PLATE 710 MAB- 12
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HEAD-DISCHARGE COMPUTATIONS
PARTIALLY OPENED TAINER GATES

head and discharge of the partially opened tainter gates
computed as described in the following steps:

1. Discharges were assumed for each gate cpening
as shown in Col, 1,

2, The discharge per foot of width passing under

the gates was computed by dividing the dis-

: charges in Col. 1 by the effective gate width
of 1000 feet and was entered in Col, 2.

3. The tailwater depth was determined from the
tailwater rating curve for the discharges
given in Col. 1 and tabulated in Col. 3.

L. The average velocity per foot of width was com-
puted by dividing the values of Col. 2 by Col. 3
and entering in Col. 4.

5. The velocity head was determined from Col, L
and listed in Col, 5.

The value of Ccb was determined for each gate
opening from the values of C¢ given in Col. 4
of Table I.

The ratios of hy/Ccb were determined for each
tailvater depth of Col, 3 and the respective
values of Ccb and tabulated in Col. 6,

8, For each value of the ratio hp/Ceb in Col, 6
the value of HL/V,2/2g was determined from
Plate 710 and entered in Col, 7.

9. The product of velocity heads in Col. 5 and the
ratios of H[/Vp2/2g gave the head loss Hy, and
was listed in Col. 8,

The total head H was determined as the sum of
the tailwater depth and velocity head plus the
head loss Hy, and was entered in Col, 9.,

The upstrean water surface depth was determined
as the difference between the total head "H™ of
Col, 9 and the upstream velqcity head, The

Plate 711 B

Declassified in Part - Sanitized Cop:
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(11)

discharge per foot of width was computed by
dividing the discharge in Col. 1 by 1500 ft.,
the width of approach channel upstream from the
dam, The average approach velocity was deter-
mined, as a first approximation, by dividing the
unit approach discharge by the total head given
in Col. 9. The velocity head for the unit ap-
proach discharge was computed and subtracted
from the total head H and listed in Col, 10,
Normelly the approach velocity is so smll that
the difference in the velocity head is negli-
gible whether computed from a flow depth equal
to the total head, or a flow depth equal to
the actual head. For high approach velocity
heads a second check should be made using the
computed depth hy, to check the approach velo-
city head computed by using the depth H.

DISCHARGE RATING CURVE

A discharge rating curve for each of the five partial gate
openings was plotted from the values of Col, 1 and Col, 10
and shown on Plate 711 C. Each curve represents s gate
operation schedule in which all 20 of the gates were opened
an equal amount.
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DEPARTMENT OF THE ARMY

CORPS OF ENGINEERS

DETERMINATION OF DISCHARCE RATING CURVE
FOR SUBMERGED TAINTER CATES 28 —
Item Item /
INITIAL DATA % /
(1) 20 - 50" x 20' Tainter gates for a low head dam. (10 TABLE 11 2
HEAD DISCHARGE COMPUTATIONS
(2) Gate seat on & flat sill at river bottom elevation.
Q q ny Vo [Vz%/2e hp/Ccd |y /VE/2g] my i1 by 22
)} Gate arm and radius of curvature of tainter gate = 30' ofe |cfe/ft| fu |ft/sec| “ry FL. 7308 1t e i
Col. 1 |Col. 2|Col. 3[Col. & [Col. 5 Fol. 6 |Col. 7 |Col. 8] Col. 9 |col. 10 TOP OF GATES WHEN| CLOSE}
(&) Trunnion pin height above the gate seat = 20' 20 ‘.:' ¥ \4
- - B
(s) Piers 8' wide and 50! long below gate seat. Gate Opening = 2.0 Ocb = 1.44 ft. e )7/ \99
20,000 [ 10.0 | 6.0 [1.67 |03 ] 426 [ 116 | 0.5 | 6.5 | 65 18 il 2
(6) Pier shape gives negligidle contraction at partial gate openings. 15,500 | 15.5 7.0 | 2.21 [0.076 | 4.86 17.1 1.3 8.4 8.4
22,500 | 22,5 | 8.0 [ 2.81 |0.123 | 5.56 | 24.3 2.99| 1111 | n.11 .
)] Totel width of river above dam = 1500 ft, 40,000 | 40.0 | 9.7 | 4,13 | 0.26 | 6,73 | 139.5 | 10.3 | 20.26 | 20.2 £ 6 -
50,000 | 50.0 | 10.k | 4.80 | 0.36 | 7.22 | 47.0 | 16.5 |27.6 27.5 ' <
(8) Tailvater rating curve at the dam is shown on Plate 7205, m S
748 Gate Opening = 4.0 Ceb = 2.80 ft. B 9
9 0 N CO] s
GATE ANGLE 0 AND CONTRACTION GOEFFICIENT 10,000 | 20,0 | 6.0 | 1.67 [o.0k2 | 2,26 | 1.3 | 0.05| 6.09 | 6.09 g
1 22,500 | 22,5 | 8.0 | 2,81 |0.123| 2.85 3.50 [ 0.43 8.5 8.5
Gat b 0 = Col -% ¢ . .
4 o;ezug 2 = s El_— c 50,000 | 50,0 | 0.4 | 4,80 | 0,36 3.71 8.50 3.06 | 13.8 13.7 g1
80,000 | 80.0 | 11.8 | 6,78 | 0.71 | k.22 | 12.2 8.67 21.8 21.7 g
ft, ft. t. 10
Col, 1 Col. 2 Col. 3 Col, & Gate Opening = 6,0' Cb = 4,08 ft.
4 0,666 148,20 B z
0.72 22,500 | 22,5 | 8.0 [2,81 |0.123 | 1.96 0.90 [ 0.1 8,23 8.2 8
2 0.600 20 0. 50,000 | 50,0 | 10.4 [4.80 |0.36 | 2.55 2.50 | 0.90|11.66 | 11.5
53 70 80,000 | 80,0 | 11,8 | 6.78 |0.71 | 2.89 | 3.85 | 2.73|1s5.24 | 14.8 6
N 0.53 57.8° 0.69 100,000 11000 | 12,4 |8.06 |1.01 | 3.0% b6 4.65 | 18.0 17.8
6 0,466 62.2° 0.68
Gate Opening = 8,0' Ccb = 5.36 ft, 4
8 0,400 66.4° 0.66 50,000 | 50,0 110k [4.80 |0.36 | 1.9 0.86 | 0.31[11.07 [ 11,0
. 80,000 | 80.0 | 11,8 [6.78 |0.71 | 2.20 1.50 | 1.0613.57 | 13.3 2
10 0.333 70,6 0.65 100,000 (100,0 | 12.4 | 8,06 |1.01 2.31 1.80 1.82 |15.23 14,9
125,000 1250 | 13,0 |9.61 [1.44 | 2.k2 2.0 | 3.02 [17.46 | 17.1
160,000 [160.0 | 13.6 N1.80 |2.15 | 2.54 2.45 | 5.26 |21.01 | 20.6 0
0 20 4 60 8 100 120 140 160 180 200
Gate Opening = 10,0! Cob = 6.50 ft, DISCHARGE IN 1000 cfe.
80,000 6.78 10.71 | 1.82 0.60 [ 0.43 [12.94 | 12.7
igg.ggg 8.06 [1.01 | 1,91 0.80 | 0.81 (14,22 | 13.9 ﬂiigmaﬁﬁﬁwéﬁgﬁiﬁﬂ EXAMPLE
125,000 9.61 [1.44 | 2,00 1.00 | 1.4k (15,88 | 15.45 20 - 50" x 20° Tainter Gates ATION DAM
. 11.80 | 2.15 | 2.09 1.20 | 2,58 {18.33 | 17.8 NAVIGATI
200,000 .3 3.6 | 2,26 140 | 4,43 21,59 | 21,0 GATES PARTIALLY OPENED
MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date,
Drawn by
MHAB=T2 PLATE 7I1C
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CHAPTER VIII
RESERVOIR OUTLET CONDUITS

SECTION A: BASIC CONSIDERATIONS

157. Fumction. a. Reservoir outlet conduits are designed to
function as flood control outlets, navigation control regulators,
power penstacks, irrigation flow release structures, water supply
intakes, and any combination of the above for use as a multiple pur~
pose outlet.

b. The outlet works for concrete and masonry dams are
usually conduits or sluices through the structure, and are shorter
than those required for earth dams. The conduits may be controlled
by gates at the upstream face or by valves from a gallery in the in-
terior of the dam. The conduits may be located at several levels to
reduce the pressure head on the gates. Conduits are generally spaced
in the overflow section of the dam so that they discharge directly
into the spillway stilling basin. If the conduits are carried through
the non-overflow sections, a separate stilling basin is usually pro-
vided.

c. For earth or rockfill dams the base width of the embank-
ment determines the length of conduits. A hydraulic £ill earth dam
usually requires the longest conduits, the rolled fill earth dam re-
quires slightly shorter conduits, and the rock filled dam the shortest
conduits of the three.

158. Types of Outlet Conduits. a. Masonry dams usually have a
large number of small conduits for flexibility of operations while
earth fill dams have a small number of large conduits for economy of
construction. The most common types of outlet conduits can be classed
as flood control conduits and regulating sluices.

b. Flood Control Conduits. Flood control conduits are de-
signed for large capacities, usually about equal to the bankfull capac=-
ity of the river channel downstream from the dam.

c. Regulating Sluices. Regulating sluices are a type of
conduit that gives close control for the release of water. The various
types of regulating sluices are listed as follows:

(1) Outlets used to regulate the flow for navigation
purposes are required to operate continuously over long periods of
time, and are normally of lower capacity than flood control conduits.

(2) Power penstocks are normally designed as steel lined
conduits which conduct the flow to hydraulic turbines, with relatively
low velocities at the design discharge.

(3) Irrigation flow release conduits are designed to give
close regulation and conservation of water. The irrigation outlet some-
times discharges into a canal at a higher elevation than the river bed.

(4) Municipal water supply intakes are often designed as
multiple outlets to assure reliability and to enable the water to be
drawn from various heads for temperature and algae control. The case of
maintenance without interruption of service is of primary importance.
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159. Component Parts of Outlet Works. The component parts of out-
let works very with each type of dam, but generally consist of an intake
structure, conduits, and a stilling basin. The intake structure nor-
mally consists of trash racks, a shaped entrance, a transition section,
and a gate chamber for the emergency and service gates with air vents
for each gate.

160, Pressure Gradient at Exit Portal. In pressure flow computa=
tions /1/ when the momentum of the water issuing from a conduit is suf-
ficient to push the tailwater away from the outlet, the pressure gra-
dient would intersect near the center of the outlet portal of a circular
conduit. The pressure gradient for a rectangular conduit would inter-
sect the outlet portal at a point approximately 2/3 the height of the
conduit.

SECTION B: BASIC HYDRAULIC THEORY

161, Considerations. a. The hydraulic analysis of flow through an
outlet conduit or sluice involves consideration of two conditions of
Fhows (1) When the reservoir water surface elevation is at low
stages so that the water flows with a free water surface as an open chan-
el.

? (2) When the stage increases to f£ill the outlet conduit so
that it flows under pressure. .

b. In a normal reservoir more than half of the volume of stor-
age is in the top third of the pool depth. The rate of discharge from
an outlet conduit is a function of the head on the conduit and therefore
greatest at a full reservoir. The upper portion of the dischargg rating
curve is of particular importance in military hydrology because it of-
fers the best opportunity for creating artificial floods by outlet reg-
ulation.

162. Discharge Capacity. a. pressure Flow. The discharge capacity
of an outlet conduit would be computed by means of the basic pipe flow
equation as described in paragraph 44, when the conduit flows under
pressure.

b. Open Channel Flow. The discharge capacity for low flows is
dependent on whether the tailwater elevation controls the flow, or
whether the reservoir water surface controls the discharge.

(1) Tailwater Control. For very low flows, when the dif-
ference between the reservoir water surface and tailwater elevation.i.s
small, the tailwater elevation would probably control the rate of dis-
charge. The discharge capacity is determined by assuming 2 discharge
and computing the water surface profile through the conduit. The
starting elevation of the water surface profile would be determined from
the tailwater rating curve for the assumed discharge. All 10§se§ would
be considered such as the gate recess loss, entrance loss, friction
loss, etc.

@ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2
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(2) Headwater Control. When the reservolr water surface
rises sufficiently to overcome the tailwater effects, but not cause
the conduit to flow under pressure, the control would move upstream
to the conduit entrance. Under this condition, the discharge capacity
would be computed by the formula:

2 2
y1=yc+Keg-—§— +% (8-1)

vy the upstream depth in feet above the invert
of the conduit at the entrance
y5 critical depth in the conduit in feet
Ve
78 velocity head in the conduit at the entrance section
Ke = entrance loss coefficient.

163. Total Head. a. The total head on a conduit flowing under
pressure is consumed in overcoming intake, gate, bend and friction
losses, and also in producing the discharge velocity head. This is
expressed in the following equation:

H = hy + hg + by + he + by (8-2)

the total head in feet

entrance head loss in feet

gate head loss in feet

bend loss in feet -

head loss due to friction in feet
outlet velocity head

[ ]

b. total head, for a conduit flowing under pressure with
the gates completely open, would be added to the elevation where the
pressure gradient intersects the downstream portal. The losses are
expressed as a function of the velocity head in the conduit, giving
the equation: g

2
H=(Ke+K5+Kb+‘K'f+1)‘£—g (8-3)

velocity head coefficient for entrance, gate, bend,
and friction losses respectively

velocity head in feet at the outlet.
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164, Intake and Gate Loss. A combined coefficient (K, + Kg) for
entrance, gate and transition losses has been determined from model and
prototype data /1/ and are shown on Plate 801. These coefficients are
conservative but represent welljdesigned flood control conduits. If the
intake water surface is low and the water surface drops through critical
depth, the loss factor in Plate 801 should be doubled.

165. Friction Loss. Friction loss would be computed by the use
of Manning's formula converted for use as a coefficient of the velocity
head.
hg = K v 8-4
£ = Xe 55 (8-4)

29.14 n?L _ L
Ke= = "%l (®-3

C. for various values of "n'" are given in paragraph 48,
£ -

166. Bend Loss. a. The energy loss involved in the flow around a
bend may be expressed by the equation:

by = he + (8-6)

hy, = the aggregate head loss

hg = the friction loss of an equal length
of straight conduit

hy, = the bend loss

b. The energy loss hy is caused by internal friction due to
the digruption of the velocity pattern {n the bend. The magnitude of
the energy loss is a function of the conduit shape, the degree of curva-
ture of the bend, the velocity of flow, and the size of the conduit.

c. The bend loss is expressed as a function of the velocity
head:

poog B -7
b_Kng

in which Ky, is a function of the following factors:
(x/p, 8, N_, y/b)

bend loss coefficient
radius of bend

diameter of conduit
deflection angle of bend

oo
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Ny = Reynolds number
y/b = ratio of corduit depth to breadth in rectanguler
conduits ard texmed the aspect xatio.

d. The Reynolds numbex need not be considered for ordinary de-
sign or analysis purposes but it would be of importance in model studies.
The effect /2/ of the ratio r/D and deflection angle © on the bend co-
efficient is shown on Plate 802.

e. A correction factor as a function of the aspect ratio would
be applied to the above bend coefficient for rectangular conduits. Plate
803 shows /3/ the relation between the correction factor as a function of
the aspect ratio, and r/D ratio.

f. A problem showing the computation of the bend loss for a
rectangular sluice is given on Plate 804.

167. Discharge Rating Curve. The discharge rating curve of an out-~
let conduit comsists of an upper and lower segment., The lower segment
of the rating curve is controlled by tke conduit entrance or the tail-
water elevation when the reservoir water surface is at low stages. The
water, under this condition, flows through the conduit with a free sur-
face as an open channel. The upper portion of the rating curve is con-
trolled by the capacity of the conduit when flowing full under pressure.

a. Open Channel Flow. The lower segment of the discharge
rating curve of an outlet conduit, is determined by open channel methods
described in Chapter V. When the reservoir pool elevation is low the
control section is eitker at the conduit outlet, due to tailwater con-
ditions; or at tke conduit entrance, due to the critical flow con-
ditions at the entrance. The discharge rating curve is computed as
follows:

(1) Several discharges are assumed and the tailwater ele-
vations determired from the tailwater rating curve.

(2) The water surface profiles are determined for each of
the discharges in the same marner as given on Plate 515.

¢3) The lower segment of the discharge rating curve is
plotted from the resulting reservoir elevationms and the assumed dis-
charges.

b. Pressure Flow. The upper portion of the discharge rating
curve would be computed by equation 8-3 as follows:

(1) Determine the velocity head coefficients by the methods
described in paragraph 164 to 166, inclusive.
(2) Add the coefficients and substitute in the equation:

2
- v
H= EK) by

(3) Transform the equation to Q = AV = A (Zgl-l/zl()u’5'

(4) Assume values of the total head and compute the discharge.
The total head is measured from the centexr of the outlet portal to the
reservoir water surface.
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(5) Plot the reservoir elevation against the discharge and
draw the rating curve.

168, Example. The computation of the discharge rating curve of a
flood control sluice for a large dam is shown on Plate 805.

169. References.

/1/ Preliminary Draft, "part CXVI Hydraulic Design, Chapter 2,
Reservoir Outlet Structures". Engineering Manual for Civil
Works, Office Chief of Engineers, Coxrps of Engs., Dept. of
the Army.

Wasielewski, R. 'Verluste in Glatlen Rohrkrummern mit Krusrudem
Querschnitte Bei Weniger als 90° Ablenkung" ("Loss in Smooth
Pipe Bends of Circular Cross Section for Deflections of less
than 90°"), Mitterlungen Das Hydraulischen Institutes Dex
Technischen Hochschule. Vol. 5, pp 53-67, 1952.

Fan Engineering. Buffalo Forge Co., 1938.
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CONDUIT ENTRANCE LOSSES BASED ON
MODEL STUDIES

Model
study

Number of Measured Conservative Valueg
gate passages coefficient-X, | For discharge | for velscity

Wolf Creek
Dennison
Arkabutla
Sardis

0.039 0,07
0.063 0,10
0.098 0.15
0.230 0.30

0.020
0.035
0.070
0.180

ENTRANCE COEFFICIENT Ko

h, =Entrance Loss =Xq

/]

v}\'g} >

&
(33
oo q

>d

538"
P

—1
—
——

1 2 3 b
NUMBER OF GATE PASSAGES TO EACH CONDUIT

Prepared by

ENTRANCE LOSS
COEFFICIENTS
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DETERMINATION OF THE DISCHARGE RATING CURVE OF A
RESERVOIR OUTLET CONDUIT

EXPLANATION OF COMPUTATIONS
INITIAL DATA

.t
ey Assumed physical data for a large flood control conduit
of a dam, )

COMPUTATION OF WATER SURFACE PROFILE

The water surface profile was computed up the circular con-
o duit in the same manner as described on Flate 515, The
ELEV.503.36 . initial water surface elevation was determined from the tail-

- . 5 el water rating curve with a total discharge of 50,000 cfs. The
% Typical Section . computation of the water surface profile in the conduit was
7 determined for a discharge of 5,000 cfs.

. . The depth of flow as determined from the water surface pro-
file of item (8) equaled the critical depth at station 4 + 38,
Since the water surface profile approached the critical depth
within the conduit it indicated that the conduit was construc-
ted on a slope greater than critical for a discharge of 5,000
ofs. The water surface profile was of gimilar type to the
example given on Plate 515, with the control at the conduit
entrance, The reservoir water surface elevation was deter-
mined from Eq. 8~1 as described in the following steps:
Pool Elevation =663.0 feet y
Head =146.1 feet . 1. The invert elevation at station O + 50 vas deter-
Discharge* Q =1,675 cfs mined from the bottom slope, conduit length, and
Yelocity V=68.2 feet per second . - snvert elevation at the outlet portal.
Velocity Head =V2/2g =72.3 feet " .
+/D =36/6=6 The critical c.iepth.was computed as described in
Aspect Ratio=y/b = 4/6 =0.667 _ Par. 72 and given in item (5).
Bena Coefficient (Plate 802) Ky =0.03 s .
Aspect Ratio Percent Factor Estirb:xated for r/D=6, Plate 803) =130% The velocity head was dSt?mnEd from the dis-
Corrected Band Coefficient Kp=1.3 X 0,03=0.0% ;ha{giagdfthe cross sectionsl area at a depth
¢ = 14 .

The combined entrance loss (entrance, gate, and
transition losses) was computed as deseribed in
Par. 164, The loss coefticient was determined trom
the design discharge curve on Plate 801 for two
gate passages in the conduit, The entrance coeffi~
cient was doubled as the water surface dropped
through the critical depth as stated in Par, 164.

EXAMPLE

BEND LOSS

The pressure flow discharge rating curve was determined from
MILITARY HYDROLOGY R & D BRANCH ’ Eq. 8-3 as described in the following steps:
\VASHINGTON DISTRICT CORPS OF ENGINEERY q
Prepared by Date . Plate 805 A
Drawn by

PLATE 804 MHB- 12

DISCHARGE COMEUTATIONS FOR PRESSURE FLOW
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The reservoir water surface elevations were
assumed and listed in Col. 1, Table II.

The total head was measured from the center

of the outlet portal at elevation 1230 ft. msl.
The total heads were determined as the difference
between the reservoir water surface elevations
and 1230 ft. msl., and entered in Col. 2.

The Gischarge as entered in Col. ly was deter-
mined from the head as follows:

H= (Ko + Kg + 1.0) V2/2g (Eq. 8-3)

Ko = 0.1 Plate 801 for 2 gate passages
and design Q curve)

cg1/Rl/3 (Eq. 8-5)
(0.00492) (820)/5.5/3
0.k42
(0.1 + 0.l2 + 1.0) V3/2g = 1.52 v2/2g
v = (2g/1.52)0+5 = 6.51 HO+5
Q= AV = (n 22.0%/L) (6.51 105y = 275 HO5

(11) The discharge rating curve was plotted from the elevations
and discharges of item (9), and from Col. 1 and L, Table II.

Plate 805 B

Declassified in Part - Sani

CORPS OF ENGINEERS

TABLE I
COMPUTATION OF WATER SURFACE PROFILE

Vater{Bottom | Depth | Area | Vel V2 | AR, #2/3 | s10pe [so- S

Surf.|Elev. ocity | 2¢ s

ﬂl. teet? |ft/sec| feet | feet
Col. Tot Col. | Col. | Cole | Col. | Col. | Col. |GCol.

1 3 4 5 [ 7 8 9 10 11 12

8470 [1240,6[1219.0 378 [13.23 | 2.72 3.27
13.315(~0.07 | 40.53 | 3.325 1001232010268 52
8418 373 |13.40 | 2.79 3.38
13.86 ~0.40 | 41.60| 3.46 ,0012304 01027 156
6462 349 (14,32 | 3.19 354
15,10 |~0.73 | +1.27 3.545/,001391L 010109125
5437 315 |15.88 | 3.92 3455
16.99 |~1.17 | +0.83| 3.51 0017971009703 86
L4451 276 118.10 | 5.09 3.47
18.85 |~0.88 40,12 | 3.44 |,00231 L00919 | 13
4438 | 255 [19.60 | 5.97 3.41
(9) The control section moved upstream to the transition section at Sta.04+50,
The reservoir water surface elencionzequaled: 2
Invert El. Station 0450 + ¥o + V2/2g + K4(V3/26) = Res. W.S. Elev.
122843 + 4.0 + 5.97 + 1,19 = 1249.59 feet msl.

» TABLE II
(11)DISCHARGE-STNGLE CONDUIT-FATINGGURY0)  procmapcr COMPUTATIONS FOR
1380, PRE MEUT
Reservoir | B [ (m©3] Q=
Elev. |feet 2u75(R)0+5

SSURE FLOW
1360 |
+ J—— feet msl, cfs

| Col. 1 |Col. 2{C0l.3 Col. 4

| 1280 50 | 7.07 | 17,500
1300 20 | 8,37 | 20.700
1310 8o | 8.94 | 22,100
1320 90 | 9.49 | 23,500
1360 130 |11.40 28,200
1375 12.04 | 29,800

feet msl.

-
b

RESERVOIR QUTLET CONDUIT
EXAMPLE

1240

INTAKE WATER SURFACE ELEVATION -

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by Date
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1220
220010 20 30 4 50

DISCHARGE IN 1000 cfs
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DETERMINATION OF THE DISCHARGE RATING CURVE
OF A RESERVOIR OUTLET CONDUIT

TABLE I
INITIAL DATA (8) COMPUTATION OF WATER SURFACE PROFILE

10 flood control conduits ~ 22 feet in diameter ktation Water[Bottom | Depth | Area | Vel- _7_2_ Aly So~ S
2 intake passages per conduit Surf.|Xlev. ocity | 2&
Manning's "n* = 0,013 Elev.
Bottom slope = 0.0115 fti ftl. feet teet? ft/sec| feet | feet
Total discharge for open channel flow = 50,000 cfs. ms. msl,
Assume equal flow distribution, Q = 5,000 cfs per conduit, Col. | Col. | Col. Czl. Col. c°61‘ Col. 081. C;‘l)' Cclvi.
Yo = 4.0 feet for 5,000 ofs in & 22 foot diameter conduit. 1 2 3 5 7

378 [13.23 | 2.72
13.315|~0.07 | +0.53 0012321010268
373 |13.40 | 2.79
13.86 |~0.40 +1.60 ,0012301 01027
349 |14.32 | 3.19 il
15,10 |~0.73 | +1.27 .0013911 010109
315 [15.88 | 3.92
16.99 |~1.17 | +0.83 001797} 009703
L4451 276 |18.10 | 5.09
Mrans.| 18.85 |~0.88 | +0.12 ,00231 [.00919
1.1pR9 Secf..i So = 0.0115 4438 | 14,0 | 255 [19.60 | 5.97 3.41
_/—\“J/\F’\_ _____ — (9) The control section moved upstiream to the transition section at Sta. 0450,
. The reservoir water surface elevation equaled:
Fiin 22428 Tavert El, Station 0450 + yo + V3/28 + Ko(V2/26) = Res. W.S. Elev.
0ol 1228.43 + 14,0 + 5.97 + 1,19 = 1249.59 feet msl.
- TABLE II
TAILWATER BATING CURVE (11)DISCEARGE-SINGLE CONDUIT-HATINGCUR“‘)) DISCHARGE COMPUTATIONS FOR
1246 i 1380 PRESSURE FLOW

Reservoir | E (E)0'5 Q=
i 1360 Elev. | feet 2u75(8) 005

CX-N:N

PROFILE 8470 [1240,6]1219.0

8418

—l 6462

5437

GESHERELE

ocoooboo

+
a
=]

£

feet msl, cfs
Col. 1 |Col. 2|Col.3 Col. 4

£

1340

1280 50 | 7.07 | 17,500
1300 70 | 8.37 | 20.700
1310 80 | 8.94 | 22,100
1320 90 | 9.49 | 23,500
1360 130 28,200
1375 145 29,800

8
&

1320

&
8

IS

LEVATION — feet msl.

RESERVOIR OUTLET CONDUIT|
EXAMPLE

5
1o

RIVER E

IS
3
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INTAKE WATER SUBFACE ELEVATION - feet ms8le

-
N
[N}

0 40 50 10 20 130 40 50
DISCHARGE IN 1000 cfs DISCEARGE IN 1000 cfs
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CHAPTER IX
HEADWATER CONTROL

SECTION A: BASIC CONSIDERATIONS

170, Definition. Headwater control pertains to the regulation of
the reservoir water surface by means of spillways or outlet conduits.
Spillways are normally designed to discharge large rates of flow to
protect the dam against the "Spillway Design Flood". Outlet conduits
or sluices are normally designed to pass relatively small volumes of
flow to regulate the reservoir water surface, or to maintain closely
regulated outflows downstream from the dam. The headwater control of
a reservoir is accomplished by means of spillway crest gates acting
under relatively low heads, and high pressure outlet gates and valves
normally operating under high heads.

17; . Spillway Crest Gates. Spillway crest gates include two

general types of structures:

(1) Gates in which the damming surface is raised to per-
mit discharge between the lower gate lip and the fixed crest; and

¢2) Gates—in which-—the dammipg suxface is
crease the effective crest level of the spillway, thus regulating the
volume of flow over the top surface or edge. Vertical lift gates and
tainter gates are the two types commonly identified in the first clas-
sification, while flash boards and drum gates are identified as com-
monly used controls in the second classification.

172. High Pressure Outlet Gates. a. High pressure outlet gates
are used to regulate the release of water for irrigation, flood con-
trol, domestic and power demands for dams with heads in excess of 75
feet. Gates used for the release of water under lower heads were con-
sidered in the paragraphs on spillway crést gates and navigation dams.”
Figures 8-15 on Plate 901 depict examples of the more common types of
vertical 1ift gates, as follows:

(1) slide Gates
(2) Txactor Type Gates
(a) Caterpillar
(b) Roller bearing
(3) Coaster Gate
(4) 'Cylinder Gates
(5) Ring Follower Type Gates
(a) Ring follower
(b) Paradox
(c) Ring seal

b. Gate Chambers. The gate chamber may be defined as the
passageway through which the water flows when the gate is open and
in which the gate leaf rests when the gate is closed. The cross-

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2



Par. 172b
sectional shape of the gate chamber in the conduit is normally the
same shape as the gate, In some foreign dams the gate is smaller
than the conduit and is located in a gradually tapered transition
section to reduce the turbulence loss and to prevent separation of
the flow.

c. Standard High Pressure Gates. A standard high pressure
gate consists of two rectangular heavily ribbed castings, known as
the gate frames, which when bolted together form a slot to guide and
support the gate leaf. The gate leaf slides vertically along this
slot in its opening and closing movements. The .gate leaf slides
against bronze seal bars on the downstream side of the gate frame.
It is from this action that the term "slide gate" is dérived. The
slot recesses on the gate frames are continued upward into a bonnet
casting. The gate leaf, when raised to its open position, is re~
ceived in the bonnet thereby leaving the water passage open to dis~
charge the flow of water. The gate frames and bonnets are strongly
ribbed, both vertically and horizontally to distribute the heavy re-
actions set up by the hydraulic hoists in opening and closing the
gate leaf.

ETISTIUS<TE @bes.  High pressure
gates may be classified by (1) the shape -of the water pa:
the gate, and (2) the character of service required of them.

(1) Shape. Gates designed for conduits that release
large quantities of water are normally rectangular in shape. The
hydraulically-operated rectangular slide gate has been used prepon-
derantly for regulating gate installations in sluice conduits of
concrete and earth dams. Gates installed in closely regulated con-
duits of smaller size are normally circular in shape. Irrigation
projects in which close regulation of the flow is important, would

—normally require valve controlled outlet conduits of circular shape,
and therefore have circular shaped guard gates to Pprotec e-regu
lation valves. The ring follower gate is an example of a circular
gate which has been designed for irrigation projects.

(2) Types of Service. Each type of high pressure out-
let gate is normally designed to operate either in the fully opened
or completely closed position. The location of the gate with respect
to the conduit is.dependent on the type of service the gate is ex-

o perform. Gates may be classified as regulating gates, and
guard or emergency gates.

(d) The gate chamber of a regulating or service gate
is normally constructed inside the dam proper of a concrete dam, and
in the intake structure, or central control tower, for earth dams.
Slide gates are normally used as regulating gates in the small con=-
duits of concrete dams, and tractor type gates are used in the rela-
tively large conduits of earth dams.

(b) Guard gates are classified as the type of gate
used in protecting a regulating gate or valve from damage during an
emergency. They are usually constructed immediately upstream from a
regulating gate or valve in the outlet conduit of concrete dams.
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Guard gates are usually slide gates or ring follower gates if the con-

duit is relatively small, and tractor type of coaster gates if the con-

duit is large. The tractor type gate was designed for high head dams

where large quantities of water were to be passed through penstocks and

the gates were to be installed on the upstream face of the dam. Gates

of this type have been designed for rectangular inlets 16.5 feet by 28.5

feet and for heads over 180 feet. Cylinder gates are a type of slide i
gate that is curved in plan to fit a circular intake tower of a high

head dam.

173. High Pressure Qutlet Valves. High pressure outlet valves may
be divided into two classes, (1) regulating valves, and (2) guard
valves. Regulating valves, as their name implies, are designed to give
close regulation of the outflow from high pressure outlet conduits.
They are principally used on irrigation projects where the release of
relatively small quantities of water under close control is of primary
importance Guard valves are used to protect regulating valves or
turbines in case of a sudden breakdown, or for dewatering the outlet
conduit or penstock for maintenance and repair service.

a. Regulating Valves. The common types of regulating valves
are shown as Figures 16 to 19 on Plate 901 and are listed as follows:
T 7 (1) Needle valves

(a) Balanced needle

(b) Internal differential needle

(c) Interior differential needle
(2) Tube valves
(3) Howell & Bunger valves
(4) Hollow-jet valves

A needle type valve opens and closes by the horizontal movement of a
needle, which is closed when the needle is advanced to its extreme down-

T stream position. - The water flows in an annular passageway, first diver-

ging then converging past the needle. The different types of needle
valves are basically the same, differing only in the mechanics of the
needle movement. A tube valve is a needle type valve with the downstream
portion of the needle eliminated. The hollow jet valve is a further modi-
fication of the needle valve in which the flow is not contracted after it
passes the needle, and the needle moves upstream to close against the
outer casing of the valve. The Howell and Bunger valve is similar to the
hollow jet valvé. The cone of the Howell and Bunger valve points upstream
and is stationary on the downstream end of the valve. A sleeve on the
"~ outer casing of the valve moves downstream to close the valve. The out-

flow from a Howell and Bunger valve or a hollow jet valve is a hollow-
centered diverging jet which creates considerable spray downstream of the
outlet portal.

b, Butterfly Valves, A butterfly valve, as shown in Fig. 20, of
Plate 901, is a type of guard valve which has been extensively used in
power penstocks and to some extent in free discharge outlet conduits.




Par. 173b

A butterfly valve consists of a gate leaf which is normally the same
shape and size as the conduit cross section. The gate leaf disc turns
on a central axis which is normal to the flow of water. When in the
full open position, the leaf disc is turned 90° with its face parallel
to the flow. The shape of the immersed butterfly leaf should be
streamlined to reduce the head loss when in the open position.

SECTION B: SPILLWAY CREST GATES

174. Factors Involved. This section will present the method of
computing a discharge rating curve for spillway crest gates. The
gates are assumed to be on the crests of high dams and therefore not
affected by the tailwater elevation. The discharge from submerged
sluice and tainter gates were discussed in Pars., 150 and 154, for
navigation and low head dams. .

175. Discharge Capacity. a. The discharge capacity for a par-
tially opened vertical gate or tainter gate is normally computed by
the basic orifice equation:

Q = CgbL (zgh)O-S (9-1)

where

discharge in cfs

the effective depth of water upstream from the
gate in feet

gate width in feet

the effective gate opening in feet

a variable coefficient of discharge

o
o

[l

L
b
Cq

b. The discharge capacity for a drum gate' is computed by
the basic weir equation:

- 1.5
Q = Cgln (9-2)

where

discharge in cfs

the effective crest width in feet

the total head on the gate crest in feet
a variable coefficient of discharge

oo

nowonou

q

176. Vertical Lift Gates. Spillway crest gates of the vertical
lift type are normally designed as slide gates or roller bearing
tractor gates. In computing the discharge under a partially opened
gate, the gate lip is assumed to have the same discharge character-
istics as a sharp edged sluice.
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a. Discharge Coefficient. The coefficient of discharge /1/ of
a vertical lift gate is a function of the ratio of the head on the gate
to the gate opening, and the coefficient of contraction. The coef-
ficient of discharge of a vertical gate was determined from experiments
as a function of the ratio of the head on the gate to the effective gate
opening, and is shown on Plate 902, Curves showing the relationship of
the discharge coefficient for inclined gates with the angle of incli-
nation varying from 15° to 90° are also shown on Plate 902.

b. Discharge Rating Curve. The discharge rating curve for
partially opened vertical 1ift gates on a spillway crest would be com-
puted as follows:

(1) Construct a rating curve for all gates fully open as
described in Par. 103.

(2) Draw the spillway crest and gate profiles to scale.

(3) Assume a gate opening (measured vertically from the
bottom edge of the gate to the gate seat).

(4) Determine the effective gate opening (measured from
the bottom edge of the gate to the nearest point of spillway crest)
as described in Par. 146.

(5) Assume a reservoir water surface elevation.

(6) The effective head is computed as the depth of water
from the water surface to the crest point which was nearest the gate
lip, as determined in (4) above.

(7) Determine the coefficient of discharge from Plate 902.
The discharge coefficient would be determined for an inclined gate with
© being measured as the angle between the tangent to the spillway crest
at the crest point, and a vertical plane. The ratio of h/b would be
based on the effective gate opening and depth as determined in (4) and
(6) above.

(8) Compute the discharge for the effective gate opening
and the assumed reservoir water surface elevation by equation 9-1.

(9) Assume other pool elevations and compute the discharge
for the given gate opening.

(10) Superimpose the rating curve for the effective gate
opening on the rating curve of (1) above. The curve should be labeled
according to the nominal gate opening and not the effective opening.

(11) Other gate openings should be assumed and the above
procedure repeated.

177. Tainter Gates. The discharge characteristics of a partially
opened tainter gate is essentially the same as for a vertical lift
gate. The primary difference in the discharge characteristics of the
two type gates is due to the curved damming surface of the tainter gate
as compared to the flat surface of the sluice gate. The curved surface
of the tainter gate causes less contraction of the upper nappe than a
vertical sluice gate and therefore has a greater discharge capacity for
the same head. The effective gate lip angle © (described in Par. 148)
is a function of the gate opening, the tainter gate arm length, the
height at which the trunnion pin is set above the gate seat, and the
shape of the spillway crest.
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a. Discharge Coefficient. The discharge coefficient /1/ has
been determined by experiment for tainter gates in the same manner as
for vertical and inclined sluice gates as described in Par. 176.
Curves showing the relationship between the angle of the tainter gate
lip with the tangent to the spillway at the nearest crest point, are
given on Plate 902, )

b. Discharge Rating Curve. The method of computing a dis-
charge rating curve for a tainter gated spillway would be generally
the same as described in Par. 176. The discharge rating curve for a
partially opened tainter gate on a spillway crest would be computed
as follows: .

(1) Follow the same procedure as for a vertical lift
gate from steps (1) through (6) as described in Par. 176.

(2) Determine the coefficient of discharge from Plate
902. The gate lip angle (8) would be computed as follows:

Cos (8) = (°-3)

where

the gate lip angle as defined above

the trunnion pin height above the gate seat
the gate opening above the gate seat

the radius of the tainter gate

Rop ®
[l

The discharge coefficient is determined from the effective gate %i.p
angle © which is the angle between the tangent to the nearest spx]..l-
way crest point and the tangent to the tainter gate lip, as described
i Par. 148. The ratio of h/b would be based on the effective gate
opening and head, as described in paragraphs 146 and 147.

(3) The remainder of the procedure would be the same as
that for a vertical lift gate as described in Par. 176, steps (8)
through (11).

The discharge rating curves of gated spillways have been shown by
model tests to vary in discharge at certain pool levels depending

on whether the pool was rising or falling. In a falling pool, the
spillway nappe clings to the gate lip resulting in orifice type flow.
In a rising pool the spillway nappe would not impinge on the gate
lip, thus resulting in weir type flow with increased discharge. A
typical discharge rating curve for a tainter gated spillway is shown
on Plate 903.

178. Drum Gates. A drum gate is a type of crest control that
has the cross section of a circular sector, and is housed in the
crest of the spillway. The gate is hinged at the center of cur-
vature, either upstream or downstream, in such a manner that the
entire gate may be raised above the masonry crest or lowered so the
upper surface becomes coincident with the crest line. A typical
cross section of a drum gate is shown on Plate 904. When raised,
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the drum gate simulates a sharp crested weir with a curved upstream
face. When lowered, the gate offers no appreciable obstruction to
flow, and the discharge is computed as for a standard ogee crest.

a. Discharge Capacity. The discharge capacity over a drum
gate is computed by means of the basic weir equation:

Q= cguul+3 (9-4)
as described in Par. 175,

b. Coefficient of Discharge. (1) The discharge coefficient
of a drum gate is a function of three variables: (1) the angle between
a line drawn tangent to the downstream lip of the drum gate and a
horizontal plane, (2) the radius of the gate r, or the equivalent
radius of curvature if the gate crest is not circular, and (3) the
total head on the gate.

(2) A series of model tests /2/ were made on eleven drum
gates to determine the variation in the coefficient of discharge for
partial gate openings. Plate 904 shows the discharge coefficient as a
function of ©, the angle between the tangent to the gate lip and the
horizontal; and also as a function of the ratio of the total head to
the radius of the gate. The depth of approach was not included as a
variable. When the approach depth, measured below the high point of
the gate, is equal to or greater than twice the head on the gate, a
further increase in approach depth produces very little increase in
the coefficient of discharge. Most drum gates are elevated suf-
ficiently so that the approach depth is not effective. Also the
effect of submergence due to tailwater was assumed to be negligible.

(3) The downstream lip of a drum gate does not control
the flow for negative values of the angle (8). The control point
shifts upstream to the vicinity of the high point of the gate for
each gate setting, and flow conditions gradually approach those of a
free crest as the gate is lowered. The drum gate positions are shown
on Plate 904 for positive and negative gate lip angles, and with the
control point indicated iby the high point of the gate. The gate po-
sition has little effect on the discharge in the region of © = -15°
and when the gate is completely closed.

c. Discharge Rating Curves. The discharge rating curve for
a drum gate would be computed as follows:

(1) Construct a rating curve for all gates fully closed
by the methods described in Par. 103 for an ogee crested spillway.

(2) From a profile of the drum gate, determine the
radius of the drum gate, the horizontal distance from pin to gate
lip, and the elevations of the gate pin, crest, and downstream lip.

(3) Compute the chord length and the initial angle of
depression ¢f by elementary geometry and trigonometzy.

(4) Compute the initial angle @ for the gate closed.

Cos. @ = the difference in elevation of the gate lip and the center
of curvature of the gate, divided by the radius of the gate.

CIA-RDP81-01043R002300060004-2
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(5) Assume various elevations of the gate lip and compute
the angle & . Sin & = difference in elevation between the gate lip
and pin, divided by the chord length.

(6) The difference between the absolute values of the sum
of &K andﬁ , and the initial angle © when the gate is in the closed
pﬁsition, is the gate angle for any gate opening.

(7) Compute the elevation of the high peint of the gate,
equal to the elevation of gate lip + (r - x Cos 6). Where r = radius
of the gate and @ = gate angle for the assumed gate openings.

(8) Assume a gate opening and a reservoir elevation and
determine the discharge coefficient from Plate 904. The head is meas-
ured from the water surface to the high point on the gate.

(9) Compute the discharge by equation 9-4.

(10) Repeat steps (8) and (9) for different reservoir el-
evations and plot the rating curve for the assumed gate opening.

(11) Assume different gate openings and repeat steps (8),
(9), and (10). This procedure would give a complete rating curve for
a drum gate.

179. Examples. The computation of the discharge rating curve for
a partially opened tainter gate on a high overfall spillway is shown
on Plate 905. The computation of the discharge rating curve for the
Black Canyon Dam spillway with a drum gate partially opemed is shown
on Plate 906.

SECTION C: HIGH PRESSURE OUTLET GATES

180. Factors Involved. High pressure outlet gates are normally
designed to operate either fully open or completely closed as has
been previously stated. With the gates completely open, the dis-
charge rdting curve would be computed by the methods given in
Chapter VIII, Reservoir Outlet Conduits. For military hydrology ~
purposes. in artificial flooding operations, it may be advantageous
to regulate the flow by partial gate openings.

181. Discharge Capacity. The discharge capacity under a partially
opened sluice gate would be computed by the basic orifice equation:

Q = CgbL (2gm)0-5 (9-5) —
as described in Par. 175, with the head "H" described below.

182. Head. The head on a partially opened sluice gate, that is
located at the entrance of an outlet conduit, is measured from the
reservoir water surface to the top of the vena contracta of the jet.
If the gate was located downstream from the entrance of the conduit,
the head would be measured from the energy gradient just upstream from
the gate to the vena contracta of the jet.
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183. Discharge Coefficient. The coefficient of discharge of a
slide gate or tractor gate is sensitive to the shape of the gate lip.
The leakage around a large gate for partial operings may also mate-
rially affect the discharge coefficient. The discharge coefficient
of a partially opened gate is a function of the percent of gate open-
ing and the contraction of the jet. Data /3/ were taken from tests
on model and prototype structures having various gate clearances and
lip shapes. An average design curve has been plotted for the coef-
ficient of discharge as a function of the percent of gate opening as
shown on Plate 907,

184. Discharge Rating Curve. The discharge rating curve for a
partially opened high pressure gate would be a family of curves plot-
ted as reservoir elevation against discharge with each curve repre-
senting a given gate opening.

a. Gate at Entrance of Conduit. The discharge rating curve
for a partially opened gate located near the entrance of the outlet
conduit would be computed as follows:

(1) Assume a gate opening and determine its percent of
full gate opening.

(2) Determine the coefficient of discharge from Plate 907
for the pEreemt—ef-gate—opening of step (1) above.

(3) Assume a reservoir water surface elevation.

(4) Determine the head on the sluice as the difference in
elevation from the assumed reservoir water surface elevation to the
top of vena contracta of the issuing jet. The top of the vena con-
tracta is 0.6 of the gate opening.

(5) Compute discharge for the assumed reservoir elevation
and gate opening by equation 9-5.

(6) Repeat the above procedure for various reservoir ele-
vations and plot the discharge rating curve for the given gate opening.

7) Repeat the above procedure for different gate openings
and plot the family of curves. -

b. Gate Located Downstream From Entrance. The discharge
rating curve for a partially opened gate located considerably down-
stream from the conduit entrance would be computed basically the same
as described above. The difference is that the head would be computed
from the energy gradient instead of the reservoir elevation. The ele-
vation of the energy gradient at the gate would be the difference be-
tween the-Teservoir-water surface elevation and the head loss due to
the entrance losses, bend and gate losses, and Frictiom in the conduit.
The discharge rating curve of a partially opened gate located rear the
outlet of a conduit would be computed-as follows: - .

(L) Assume a gate opening and determine the discharge coef-
ficient as in steps (1) and (2) in subparagraph 18 a above.

(2) Assume an elevation of the energy gradient immediately
above the partially opened gate.

(3) Determine the head on the sluice gate as the difference
in elevation from the assumed energy gradient to the vera contracta of
the jet and compute the discharge as in steps (4) and (5) of subpara-
graph 184a above.
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(4) Determine the velocity head coefficients for the conduit,
entrance losses, transition losses, friction loss, and any bend or gate
recess losses above the partially opened gate. The above coefficients are
determined by methods described in Chapter VIII.

(5) Compute the velocity head in the conduit for the dis-
charge computed in step (3) above.

(6) Determine the head loss for the discharge as the product
of the sum of the velocity head coefficients of step (4) and the velocity
head of step (5).

(7) The total loss of head added to the assumed energy
gradient would give the reservoir water surface elevation necessary to
deliver the discharge of step (3).

(8) Plot the discharge against the required reservoir water
surface elevation.

(9) Repeat the above procedure for different energy gradient
elevations and plot the rating curve for the given gate opening.

(10) Repeat the above procedure for different gate openings
and plot the family of curves.

185. Example. The computation of the discharge rating curve of an
outlet conduit with a regulating gate near the cutlet is shown on Plate
908.

SECTION D: HIGH PRESSURE OUTLET VALVES

186. Factors Involved. High pressure outlet valves are normally de-
signed to give close regulation for relatively small rates of flow. The
buttexfly valve is the exception to the above and is normally designed
as a guard valve for turbines and regulating valves.

187, Discharge Capacity. a. The method of computation of the dis-
charge capacity of a high pressure regulating valve is dependent on
where the valve is located with respect to the downstream portal.

b. If the valve is located at the downstream end of the con-
duit and discharges into the atmosphere, the rate of flow is computed by
the basic orifice type equation:

Q=cqr (2gm03 (9-6)

where

Q = the discharge in cfs

A = the cross-sectional area of the nozzle outlet
in sq. ft.

H = the effective head on the center line of the
valve inlet flange in ft.

Cq = the coefficient of discharge and is dependent on

the type of valve considered.
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c. If tke valve is located upstream of the outlet portal and
discharges into the conduit, the discharge is computed as a head loss
for a valve in a pipe. The discharge is computed by the basic pipe
flow equation, and the valve head loss is a function of the velocity
head and is computed as follows:

_x V2
hv-l(v'z—g

-7

by

the head loss due to the valve in. feet
Ky g

the velocity head coefficient and is dependent
on the type of valve
v the velocity of\ flow at the valve outlet in ft/sec

188. Discharge and Velocity Head Coefficients. a. Discharge Coef-

ficients. The discharge coefficients of high pressure outlet valves
are normally given for the full-open position and with free discharge
into the atmosphere. The values of the coefficient of discharge /4/ to
be used in equation 9-6 for free flow conditions are as follows:
TYPE OF VALVE
(1) Sharp-edged nozzle orifice

(Balanced needle) =
Rounded-edged nozzle orifice

(Internal differential and

Interior differential)
Short-bodied tube valve
Long-bodied tube valve
Howell and Bunger valve
Hollow jet valve

wnonowon

For military hydrology purposes the above coefficients of discharge would
be assumed to vary in direct proportion to the valve opening for each
partially opened valve. Experiments /3/ on Howell and Bunger valves have
shown that the discharge coefficient curve is nearly a straight line and
varies approximately in direct proportion to the sleeve opening.

b. Velocity Head Coefficients. The value of the velocity head

coefficients to be used in equation 9-7 for various types of valves are
listed below:

(1) Needle Valves. /5/
Ky = 0.183 (1/a)1/3

the velocity head coefficient
the diameter of the valve outlet in feet

d
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[ "Engineering Experimental Station Bulletin", University of
Par. 188b(2) Wisconsin, Vol. 9, No. 1, 1922,
(2) Butterfly Valves. /5/ I "Flow of Fluids Through Valves, Fittings, and Pipes".
Engineering and Research Division, Crane Co., Chicago.

K, = e/d (9-9) Tech. Paper No. 409, May 1942.

t = the thickness of the disk of the valve in ft.
d = the diameter of the valve in ft.

Gate Valves. /6/
Valves
Fully open
1/4 closed

1/2 closed
3/4 closed

Globe Valve. /7/

Fully open

(5)° Angle Valve.
Fully open

(6) ° Swing Check Valve.
Fully open 2.5
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GATE ON A HIGH OVERFALL SPILLWAY
EXFLANATION OF COMPUTATIONS
INITTIAL DATA

The dimensions and elevations of the splllway crest and
tainter gate are shown on Plate 905 D.

The discharge rating curve for the tainter gate completely
open was determined by the methods given in Chapter VI and
is shown on Plate 905 D.

EFFECTIVE GATE OPENING AND PROFILE POINT ELEVATION

The spillway profile and tainter gate was drawn to scale as
shown on Plate 905 D, The nominal gate openings were assumed
as shown in Col, 1, Table I. For each vertical gate opening
listed in Col., 1, the minimum distance from the gate 1lip to
the spillway profile was determined and tabulated in Col. 2.
The distance from the spillway crest to the point on the
apillway profile nearest the gate lip, as determined in Col. 24
was scaled and tabulated in Gol, 3, The elevation of the pcint
on the spillway profile nearest the gate 1lip was determined for
each gate opening and listed in Col. 4.

EFFECTIVE GATE OPENING AND GATE ANGLE
The assumed nominal gate openings and the effective gate open-
ings determined in Table I were entered in Ccls, 1 and 2, res-
pectively of Table II.

The angle between the tangent to the gate 1lip and the horizon-
tal was computed for each gate opening as follows:

1. Gate lip angle for 2.0 ft. nominal gate opening

difference in elev, of trunnion pin
Cos @ and gate 1ip
radius of curvature of tainter gate

_ 1551.0 = 1542,23 _
=5 0.325

e =71,0
The gate 1lip angle for each gate opening was computed in the
same manner ag for the 2.0 foot nominal opening and tabulated
in Col. 3 and Col, 4.

The angle between the tangent to the spillway at the point cn
the profile nearest the gate lip and the horizental was computed

Plats 905 A
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for each gate opening as follows:

1. Angle of spillway tengent for 2.0 ft. gate opening

The slope of the tangent to the spillway at any The discharge was computed by equation 9-1 and
point was computed from the first derivative of entered in Col. 4, The coefficient of dis-
the equation of the spillway profile. charge was teken from Col. 3, Table III; the
effective gate opening was teken from Col. 2,
¥y = x2/78 (Spillway Profile Equation) Table I; the gate width was taken from the
initial data; and the effective head was

% = x/39 (First Derivative of Profile Eq.) i . taken from Col., 1, Table III.

6.75 The reservoir water surface elevations tabu-

202 lated in Col. 5 were determined for each dis-

39 charge as the sum of the effective heads
listed in Col. 1, Table III and the elevation

0.173 (From Col. 3, Table I) - of the points on the spillway profile nearest
the gate lip listed in Col. 4, Teble I.

Tan © =

6 =9.8°
DISCHARGE RATING CURVE
The spillway tangent angle was computed for each gate opening
in the same manner as for the 2.0 foot nominal opening and (7) The discharge rating curve was plotted for each gate opening
entered in Col. 5 and Col. 6. The angle of the spillway tan- from the data tabulated in Col, 4 and Col. 5, Table III and
gent could have been determined graphically by constructing s shown on Plate 905 D
the tangent to the spillway and measuring the angle with a
protractor or determining the length of the sides of the right
triangle and computing the tangent of the angle.

The effective gate lip angle was computed as the difference
between the gate lip angle listed in Col. Iy and the spillway
profile angle listed in Col. 6, and entered in Col. 7.

HEAD-DISCHARGE COMPUTATIONS FOR TAINTER GATE PARTIALLY OPEN

The discharge rating curve for a partially opened tainter gate
was computed as described in the following steps:

1. The effective heads for the various gate openings
were assumed as shown in Col. 1 of Table IiI,

2. The ratio of the effective heads in Col. 1,
Table III, and the effective gate openings
of Col. 2, Table IT were computed and entered
in Col., 2, Table III.

The coefficients of the discharge of Col. 3
were determined from Plate 902 as a function

of the values of the effective gate lip angle
of Col. 7, Table II and ther atios of the head
and effective gate opening of Col. 2, Table IITI.

Plate 905 B
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" | IDEPARTMENT OF THE ARMY

DETERMINATION OF THE DISCHARGE RATING CURVE FOR A PARTIALLY OPEN TAINTER
GATE ON A EIGH OVERFALL SPILLWAY

TABLE III
INITIAL DATA
HEAD DISCHARGE COMPUTATIONS FOR TAINTER GATE PARTIALLY OPEN

Spillway profile and tainter gate dimensions as shown Effective Ratio Discharge = Reservoir
Head h/b CqdL Yzﬁ Water Surface

Tainter gate 64 ft. wide x 28 ft. high. Elevation
N ft. 1

Discharge rating curve for gate completely open as shown on Sheet 2, Col, Col, 2 Col, 3 0016 ‘Sb n(; :515

. . ol,

ft. Nominal Gate Opening

TABIE I
ol .
EFFECTIVE GATE OFENING AND PROFILE POINT ELEVATION g.l 3.2‘5 :nggg ggg“g
10.8 0.66 2800 1560.43
13.5 0.67 3160 1565.43
Nominal | Effective Distance of Elevation of 16.2 0.67 3460 1570.43
gate gate Minigumn Minimum
Opening Profile from Profile ft. Nominal Gate Opening
) Axis Point 2,69 0.59 3560 1550
Col. 2 Col. 3 Col. b 4,03 0.61 k500 1??51??
5.37 0.62 5300 1560,
;gg g:zg igﬁg‘g . g._go 0.63 6010 1265—.22
% % Lowoies .05 0,64 6690 1570.55
7.61 4,65 1540.72 ft. Nominal Gate Opening

2,65 0,58 6550 1555.65
Eig (0).29 7700 1560.65
o .60 8760 1565.65

TABLE II
(5) 5430 0.61 9730 1570.65
EFFECTIVE GATE OPENING AND GATE ANGLE

ft. Nominal Gate Opening

Nominal Effective| Cos (Gate | Gate Tan Spillway Effective

Gate Gete Lip Angle)| Lip (Spillway | Profile Gate Lip 2.62 0.57 1560.72
Opening Opening =a=5 Angle | Angle) Angle Angle 3.28 0.58 1555:?2
3 = x/39 3.9 0.59 1570.72
ft, ft. degrees degrees degrees

Col, 2 Cols 3 Col. 4 Col, 5 Col, 6 Col, 7
1.85 0.325 71.0 0.173 9.8 61,2

3.72 0.251 75.5 | 0.5 8.5 67,0 SPILLWAY CREST GATE

. 0. .6 .
5.66 0,177 79.8 134 7 72.2 EXAMPLE
7.61 0,103 84,1 0,119 6.8 77.3

MILITARY HYDROLOGY R & D BRANCH
WASHINGTON DISTRICT CORPS OF ENGINEERS
Prepared by
Drawn by

PLATE 905C
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'DEPARTMENT OF THE ARMY
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DETERMINATION OF THE DISCHARGE RATING CURVE
FOR BLACK CANYON DAM IN IDAHO

EXPLANATION OF COMPUTATIONS
INITIAL DATA .

The dimensions and elevations of the Black Canyon spillway
crest are shown on Plate 906 E.

The discharge rating curve, for the drum gates completely
closed, is shown on Plate 906 E, and was determined by the
methods explained in Par.-103.

GATE ANGLE © AND ELEVATION OF HIGH POINT OF GATE

The gate lip elevations were assumed as shown in Col, 1,
Table I and on Flate 906 E. __

The gate angle O of items (3) and (4) were computed as
described in the following steps and entered in Col.. 4:

1. Initial angle © with gate down
difference in elevation of gate lip
Cos © = and_center of curvature
radius of curvature

_ 2478.2 = 2461.5 _
e 0.795

0 = 37.3°
2. Initial angle é with gate down

Tan & = difference in elev, of pin and gate lip
horiz. dist. between pin and gate lip

= 2481,63 = 2478,20 - 5 198
17.27

o =11.2°

3. Angle ﬁuith gate 1ip at _elevation 2485.0 ft. msl.

Sin/6> = difference in elev, of gate 1ip and pin

chord length

- 2485,0 = 2481063 _ (195
17.58

£ =1.0°

Plate 906 A
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. Angle O with gate lip at elevation 2485.0 ft. msl.

6 = (Angle« + Angle g ) - Angle 6 (gate in closed position)

= (11.2° + 11.0°) - 37.3°

o = -15.0°

Ttems (5) and (10) were computed in the same manner as item (L) above.

The elevation of the high point of the gate for item (L) was computed
as described in the following steps and entered in Col. S:

1. Elevation of high point of gate.

El. of high point = El. of gate lip + r(1 - Cos ©)

= 21485.0 + 21.0 (1 - Cos 15.0°)
2L85.75 ft. msl

Ttems (5) to (10) were computed in the same manner as item (L) above.

HEAD DISCHARGE CQMPUTATIONS FOR A DRUM GATE
IN RATISED POSITION

The discharge over the drum gate in the fully raised position as
given in item (10), Cols. L and 5, was computed as described in
the following steps:

1. Reservoir water surface elevations were assumed as
given in Col. 1, Table 11.

2. The head on the gate was computed as the difference
in elevation between the reservoir water surface in
Col. 1 and the gate lip, and entered in Col. 2.

3. The ratios of the heads and the radius of the gate
were computed and entered in Col. 3.

Plate 906 B

(12)-
(14)

(15)~
(17

(18)

—- - = =

4, The discharge coefficient was determined f rom
Plate 904 with the ratios of Col. 3 and with
9 = 34.99, and entered in Col. &4

The discharge over the 64 foot drum gate was
computed from Eq. 9-4 and entered in Col. 6.

The discharges over the drum gate for other gate openings with
positive gate lip angles were computed in the same manner as
item (11) above.

The discharges over the drum gate for negative gate lip angles
were computed in the same general manner as for positive
angles; except that the head was measured from the high point
of the gate listed in Col. 5, Table I.

DISCHARGE RATING CURVE

A discharge rating curve of the drum gate was plotted from the
values of discharge, reservoir elevation, and gate elevation
froi Table-II; and the results shown as seven curves on Plate
906 E. The extreme lower curve represents the discharge of
the free crest with the gate completely down., The discharge
alfes shown @n P3ate~906-E were-for-one.gate.only, A reagon-
able allowance for pier effect on the discharge was already
present in the results.
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CORPS OF ENGINEERS

DETERMINATION OF THE DISCHARGE RATING

CURVE FOR BLACK CANYON DAM

Item
INITIAL DATA

(1) Profile of the spillway crest and 64 foot drum gate,

(2) Discharge rating curve for drum gates completely closed.
TABLE I
GATE ANGLE © AND ELEVATION OF HIGH POINT
OF GATE
Gate 1ip | Sine 8 A Gate angle | Elevation of
elevation 8 high point of
eate

feet msl, degrees degrees feet msl,

Col, 1 Col. 2 Col. 3 Col, 4 Col, 5

(3) 2478,2 - - ~37.3 2482,5

(4) 2485,0 0.192 11.0 -15.0 2485,7

(5) 2487.0 0.305 17.8 - 8.3 2487,2

(6) 2L89.0 0,419 24,8 - 1.3 2489.0

(7 2491,0 0.535 32,2 + 6.1 2491,0

(8) 2493.0 0.647 40,3 414.2 2493.0

(9) 2495,0 0.760 49.5 +23.4 2495.0

(10) 2497.0 0.894 60.9 +34.9 2497.0

(11)

(12)

(13)

(1)

TABEE II

HEAD AND DISCHARGE COMPUTATIONS FOR A DRUM GATE IN
RAISED POSITION

Reservoir
elevation

feet msl,

Col, 1

2500,0

-

Gate 1ip elevation 2495.0 ft.msl,, 0 » 423,40
2496,0 1 0.048 3.85
24970 2 0.095 3.86
2498,0 3 0.143 3.87
2499.0 L 0,190 3.87
2500,0 5 0,238 3.88

Gate 1ip elevation 2493.0 ft.msl., 6 = 414,20 ]
24940 1 0.048 3.69 1 236
2495.0 2 0.095 3.73 2.83 675
2496.0 3 0.143 3.75 5.20 1,247
2498,0 5 0.238 3.80 11,18 | 2,719
2500.0 7 0.333 3.84 18.52 4,552

Gate 1ip elevation 2491.0 ft.msl., 6 = 46,10
2492.0 1 0,048 3.47 1 222
2493.0 2 0,095 3.51 2.83 635
2hok .0 3 0,143 3.57 5.20 1,187
2496.0 5 0.235 3.63 11.18 2,597
2498.0 ? 0.333 3.70 18,52 | 4,386
2500.0 9 0.429 3.77 27,00 | 6,515

PLATE S06D

. ‘ : -
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GORPS OF ENGINEERS
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GORPS OF ENGINEERS

TABLE

II

HEAD AND DISCHARGE COMPUTATIONS FOR A DRUM GATE IN

Crest(

22r:

£1.2497.0

ALt ErEmtions 1 ms).

6= +34.9°

B2
Iten BAISED POSITION ﬂz%%’\\ & 24850
= 452,
Reservoir H H/r Cq Hl‘5 Q s
elevation — N\ ,g j.
375
feet msl. feet cfs /\/'\ 3
Col. 1 Col, 2 | Col. 3 Col. &4 | Col. 5 | Col. 6 //
Gate high point elevation 2489.0 ft.msl., 6 = ~1.3° //
(15) 2490,0 1 0.048 3.21 1 205 S
2491,0 2 0.095 3.28 2.83 594
2492,0 3 0,143 3.34 5.20 | 1,110
2494,0 5 0.238 3.h5 11.18 | 2,470
2496.0 ? 0.333 3.545 18.52 4,200 y .
2498.0 9 0.429 3.235 gz.gg g,zgg Fig. | Fig. 2
R 0. 524 . .
el = 2 22 1. 6.8 = SPILLWAY CREST DETAIL RELATIONSHIP OF GATE ELEVATION
Gate high point elevation 2487.2 ft.msl., = -8.3 TO ANGLE ©
(16) 2488.0 0.8 0.038 3.02 0.72 138
2489.0 1.8 0.086 3,10 2.16»2 uzg Pl = =
2490,0 2.8 0.133 3.17 14,68 9. >
2492.0 4.8 0.229 3.31 10.52 | 2,230 2498 Al ¢ L A // = u 4
2494,0 6.8 0.324 3.43 17.73 3,890 < A1 | =
2496.,0 8.8 0.9 3,51 26.10 | 5,860 P g %
24980 10.8 0.515 3.58 | 35.49 | 8,130 N Wle | 1A B 1
2500.0 12.8 0.610 3.635 | 45.79 10,650 1 4 5| LA A
S K 2494 7 T =
Gate high point elevation 2485.75 ft.msl., 6 = ~15.0 2 Ag»]l Z >
2487.0 1.25 | 0.060 3.00 1.40 268 > 7 % =
(a7 | zuss.0 2.25 | 0.107 | 3.07 3.%2 § igg S ESEP
2489.0 3.25 | 04155 3.15 5e B 7
2491.0 5.25 0,250 3.275 12,03 2,520 X 2490 /1&5 | | _ _
2493.0 7425 04345 3.375 19.52 4,220 ﬁ Elevatin of highpoint-of garfg (17,
2495.0 9.25 | 0.440 3.465 | 28.13 | 6,240 ] 2 V) 72 74
2497.0 11.25 0.536 354 37.73 8,550 4
2499.0 13.25 | 0.631 3.595 | 48.23 [11,100 S 2486
§’ DRUM GATE
y I
gz L Free Crost £1. 24525 EXAMPLE
o z * ° MILITARY HYDROLOGY R & D BRANCH
DISCHAREE IV 1000 cF's WASHINGTON DISTRICT CORPS OF ENGINEERS
Fig. 3 Prepared by __Date
DISCHARGE RATING CURVE FOR Drawn by
A_DRUM GA| \Y
MHB-12 PLATE 906E
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DETERMINATION OF THE DISCHARGE RATING CURVE FCR A PARTIALLY OPENED

HIGH PRESSURE QUTLET GATE

EXPLANATION OF COMPUTATIONS

INITIAL DATA

HEAD LOSS COEFFICIENTS

The total head loss in the conduit from the entrance to the
opened gate was computed as the product of the sum of the velocity head
coefficients, and the velocity head for each discharge.

Entrance loss coefficient (K¢). The entrance loss

coefficient was determined from Plate 801 for a

single gatg passage on the design discharge curve.
Ke = 0.07

Friction head coefficient (Kg). The friction head

The basic data needed for the analysis of the problem are given on Plate 908 B.

Manning's roughness coefficient was selected from Plate 501 to be 0.013.

partially

Cosfficient was computed by Eq. L4-9 with Cf determined

from the tabulated values in Par. L8 for n = 0.013

~ R =A/P=36/24=1.5 ft.

RY/3 =170
ceL _ (0.00492) (100)

B3 1.7

Ke =

K = 0.287

-
Gate recess coefficient ng).

Coelficient was determined as described in Par.

The gate recess 1os

Kg = 0.10
The sum of the velocity head coefficients was

K = 0.46

s

1ho.

Plate 908 A

ved for Release

50-Yr 2013/10/25 : Cl
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(8)

DISCHARGE RATING CURVE

The discharge rating curve of the high pressure outlet
gate was determined as given in the following steps:

1. A gate opening of one foot was assumed and the
percent of opening determined to be 1/6 or 16 per=
cent,

2. Elevations of the energy gradient were assumed at a point

immediately upstream from the partially opened gate
and entered in Col. l.

3. The vena contracts depth was determined as the
product of the contraction coefficient and the
gate opening and tabulated for each gate opening.
The coefficient of contraction was teken as 0.6
for all retios of head to gate opening.

4, The head on the gate was determined as the differ-
ence in elevation between the energy gradients of
Col. 1 and the elevation of the top of the vena
contracts and entered in Col. 2.

5. The discharge under the gate was computed by
equation 9-5 and entered in Col. 3.

6. The average approach velocity and velocity head in
the conduit for each of the discharge in Col. 3
were determined and entered in Col. 4 and Col. 5.

7. The total head loss was determined as the product
of the velocity heads in Col, 5 and the sum of the
velocity head coefficients of item (7), and entered
in Col. 6.

8. The reservoir water surface elevations were computed
as the sum of the head loss of Col. 6 and the
elevation of the energy gradient of Col. 1, and
entered in Col. 7.

9. The reservoir water surface elevation was plotted
against the discharge and rating curve drawn.

Steps 1 through 9 were repeated for each gate opening and a
family of curves plotted as shown.
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With a gate opening of 16 percent the coefficlent
of discharge was determined from Plate 907 to be 0.73.
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DEPARTMENT OF THE ARMY CORPS OF ENGINEERS

DETERMINATION OF THE DISCHARGE BATING CURVE FOR A
PARTIALLY OPENED HIGH PRESSURE OUTLET GATE

INITIAL DATA

Assume a 6 foot square horisontal concrete lined conduit 120 feet
long.

Bell mouth entrance without trash racks.

Conduit outlet above tailwater.

Vertical 1ift slide gate and guard gate 100 feet and 90 feet from
conduit entrance respectively. (Guard gate fully open, regulating
gate partially open).

Gate seat elevation = 1000 feet msl.

Manning's "n" = 0,013

o
=
=

HEAD LOSS COEFFICIENTS

=

By = X V¥/2g K=Ky + Kp + Kg

P = Cg <y = 0.00492 w0 C g.gg7
goawst L3 oo
K = 0.457

—
o
B
e

Energy H B = Reservoir
Grakient El..| - - - _ W.S. Elev.
feet msl, feat cfs feot/sec. feet msl.
Col, 1 Cole 2 Col, 3 Col, 4 Cols 7

Gate opened 1,0 feet Cq = 0.73 Ccb = 0.6 feot Q = 35.2 (8)°*°

1020,6 20,0 157 436 0,295 0.14 1020,74
1040,6 40,0 223 6,20 0,60 0,27 1040.87
1060.6 60.0 7.6 0.89 0.1 1061.01
1080.6 80,0 3 8,75 1,2 0.55 1081,15
1100.6 100,0 352 9.78 1.49 0.68 1101.28

¢

RESERVOIR WATER SURFACE ELEVATION — feet msl.

Gate opened 2.0 feet Cq_= 0.7 Ceb = 1,2 feet - 713 (100
1021.2 20,0 318 8.85 1.22 0.56 1021.76
1041.2 40,0 450 12.5 2.43 1042.32
1061.2 60,0 552 15.4 3.68 1062.89 6 8
1081.2 80,0 637 17.7 4,86 1083.43
1101.2 100,0 713 19.8 6.2 1104.01

(H)0.5 DISCHARGE RATING CURVES —~ PARTIALLY OPENED HIGH PRESSURE OUTLET GATE

DISCHARGE IN 100 cfs

Gate opened 3.0 feet Cq_= 0.7, Ccb = 1,8 feet
1021.8 20.0 13.5 2.85 1023.11
1041.8 40,0 19.2 5472 1044 Ul
1061.8 60,0 23.4 8.5 1065.70

s | 1000 R s 188 PARTIALLY OPENED
OUTLET GATE EXAMPLE

Gate opened 4,0 feet q. Ceb = 2.4 feet (H)0+5

10224 20. 17,2 by, 102,51

1042.4 40 g 22'3 10 59 1047.32 MILITARY HYDROLOGY R & D BRANCH
1062.4 60.0 32'3 6.2 1069.82 WASHINGTON DISTRICT CORPS OF ENGINEERS
1082.4 80.0 373 21,6 1092,30 grr?alanregyby______ Date
1102.4 100,0 41.6 26.9 1114,80

PLATE 908B
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APPENDIX A
GLOSSARY OF LETTER SYMBOLS
The following letter symbols adopted for use in this bulletin are

defined when they first appear in the text, and are arranged alpha-
betically in this appendix for reference. The letter symbols con-
form essentially with the American Standard Letter Symbols for
Hydraulics (ASA-Z10. 2-1942), prepared by a committee of the American
Standards Association and approved by the Association in 1942:

A = Area, cross-sectional

Ay = Area contraction ratio

Ay = Area of siphon throat

C = A general constant or coefficient
Chezy dischaxge coefficient

Coefficient of contraction

Coefficient of discharge at design head
Coefficient of discharge

Herschell's submerged discharge coefficient
Diameter

Ener;
Crest rise of weir spillway

Total force
Fahrenheit

Total atmosphexic pressure

Horizontal component of resultant pressuxe

Normal component of resultant pressure
Resultant of total pressure
Vertical component of. resultant pressure

Total head

Total design head

specific head or specific energy
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Moment of area (statical or first moment)

Total head loss about any axis

Moment of inertia (mas§) or rectangular
moment of inertia (area sepond moment)
about any axis

Wetted perimeter

Discharge

Moment of inertia about the centroidal axis Critical discharge

Coefficient, velocity head Hydraulic radius

Bend velocity head coefficient Friction slope or enmergy grade line

Entrance velocity head coefficient ) i Critical slope of a channel

Friction velocity head coefficient _ Bottom slope

Gate recess velocity head coefficient - Water surface slope or hydraulic grade line
Gradual expansion velocity head coefficient ] Mean velocity over cross section

Outlet velocity head coefficient . Belanger's critical velocity

Trash rack and s.t:op. 1o.g recess vélo(’:ify . ) Siphon-throat c:est'velocicy
head coefficient
Total weight
Structure head loss coefficient
Elevation above datum plane
Sudden contraction velocity head coefficient

Sudden expansion velocity head coefficient A constant
Acceleration
Valve or obstruction velocity head coefficient
Breadth (width)
Branching pipe velocity head coefficient _ Height of gate opening
Bottom width

Length
Water surface width of a channel

Equivalent length
s i & Diameter of orifice or valve outlet

Pressure plus momentum factor as a function
of deptlp; ° i Darcy-Weisbach coefficient

-Submergence depth on a weir Gravitational acceleration

Numbex of end contractiens . .
Head on weir or sluice gate

Froude number piezometric head

Reynolds number Approach velocity head
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hat

by

hg

he
he

hg

hge
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= Atmospheric (absolute) pressure head
= Head loss due to bends

= Head drop on a submerged weir or
bridge contraction

= Head loss due to entrance conditions

= Head loss due to surface resistance
Head loss due to gate recesses

= Head loss due to gradual expansions
Head loss
Head loss at outlet

Depth from water surface to centroid of area
or opening

Pressure head at the throat crest of a siphon

Head loss due to trash racks and stop log
recesses

= Head loss due to sudden contraction
Head loss due to sudden enlargement
Height of wind tide

Velocity head
Head loss due to valves or obstructions

Velocity head at the throat crest of a siphon
Wave height

Head loss at a branching pipe

Radius of gyration about centroidal axis

Conveyance of a cross section as a function
of depth

Mass

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/2:
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= Critical depth factor as a function of
= Manning's roughness coefficient

= Pressure intensity per unit area

= Atmospheric pressure

= Absolute pressure intensity

= Rate of flow per unit width

= General radius or radius of curvature
= Syphon-throat crest radius

= Siphon throat summit radius

= Side slope (l vert on s hor.)

= Time
Thickness

= Cartesian coordinate
Distance in direction of flow

= Cartesian coordinate
Depth of open channel flow

= Drop in water surface ol an open channel
= Distance from water surface to centroid
of submerged surface along the prolon-
gation line of the submerged surface
= Depth at brink of overfall

= Critical depth of flow

= Depth from water surface to center of pressure
along prolongation line of submerged surface

= Normal depth of flow

= Cartesian coordinate
Weir crest height

A0 BB = ngles
’ 7’ = Specific weight
/@ = Mass density = ﬁi

109
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APPENDIX B
GLOSSARY OF TERMS FOR HYDRAULICS

ACRE~FOOT.~-Quantity of water that would cover 1 acre, 1 ft. deep.
An acre~foot contains 43,560 cu. ft.

AFTER-BAY.~-The tall-race of a water-power plant; a pond or reservoir
at the outlet of the turbinmes.

ALTERNATE DEPTHS.--Two depths that have the same specific energy as
shown by the specific energy curve for a constant discharge.

APRON.-~A floor or lining of concrete, timber, etc., to protect a
surface from erosion, such as the pavement below chutes, spillways,
or at the toes of dams.

AQUEDUCT. ~~(1) A major conduit; (2) The entire transmission main for a
municipal water supply which may consist of a succession of canals,
pipes, or tunnels.

ARCI}E_D}DAE{.:-A curved dam, convex up stream, that depends on arch
action for Lfs stibilfty‘,‘tﬂ’w}rtﬂt"the?loai- ir»transfar:ed_by_,:k@ e
arch to the canyon walls ox other abutments. )

AREA CURVE.--(1) A graph of the cross-sectional area of a stream at a
gaging station or other section; (2) a graph of the surface area of
a reservoir plotted against water-surface elevations.

BAFFLE~-PIERS.--Obstructions set in the path of high-velocity water to
dissipate energy and thereby assist in preventing scour.

BARRAGE. ~-An obstruction placed in a watercourse, a dam.

BEAR-TRAP DAM.-~An obstruction to flow built of hinged leaves, that
are raised and held up by the pressure of water admitted to the inside.

BERNOULLI'S THEOREM.--A proposition (advanced by Daniel Bernoulli) that
the energy head at any section in a flowing stream is equal to the
energy head™at any .other downstream section plus the intervening losses.

BORE.--A wave of water having a nearly vertical fromt, such as tha sudden
release of a large volume of water from a reservoir, The bore is
analogous to the hydraulic jump in that it represents the limiting
condition of the surface curve wherein it tends to become perpendicular
to the bed of the stream.

BOTTOM CONTRACTION.--The reduction in the area of overflowing water
caused by the crest of a weir contracting the nappe.
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BROAD-CRESTED WEIR.--An overflow structure on which the nappe is
supported for an appreciable length in the direction of flow.

BUCKET, --A curved surface at the toe of an overflow dam designed to
deflect the water horizontally; the transition curve between the
overflow face and the apron of a dam.

CANAL. --An open conduit for the conveyance of water, usually excavated
in natural ground.

CAPACITY CURVE.--A graph of the volume of a reservoir, as a function
of the elevation.

CAVITATION, --A condition wherein a vacuum, to any degree, exists as a
result of flowing water. Complete cavitation obtains when the
pressure within the affected part is reduced to that of the vapor
pressure of the water.

CHANNEL. --An elgngated open depression in which water may flow.
CHUTE.--(1) A high-velocity conduit for conveying water to a lower
level; (2) an inclined drop or fall.

COEFFICIENT OF DISCHARGE.--Ratio of observed to theoretical discharge.
For a siphon this coefficient should be based on the area of the
outlet.

COEFFICIENT OF ROUGHNESS.--A factor (in the Kutter, Manning, Bazin,
and other formulas) expressing the character of a channel as
affecting the friction slope of water flowing therein.-

COFFER-DAM. --A barrier built in the water so as to form an enclosure
from which the water is pumped to permit free access to the area
within.

CONDUIT.--A general term for any channel intended for 'the conveyance
of water, whether open or closed.

CONTRACTED WEIR.--A measuring notch with sides designed to produce a
contraction in the area of the overflowing water.

CONTROL. --A section or a reach of a conduit where conditions exist
that make the water level above it a fairly stable index of dis-
charge. A control may be partial or complete. A complete control
is independent of downstream conditions and is effective at all
stages.

CREST.--The top of a dam, dike, spillway, or weir; frequently re-
stricted to the overflow portion.
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CRITICAL DEPTH.--The depth of water in which a given discharge flows
in a given canal with a minimum content of specific energy.

CRITICAL FLOW.-~~A condition of flow in which the fluid is flowing in
a canzl at the critical depth.
See also, CRITICAL VELOCITY; SUB-CRITICAL FLOW; SUPER-CRITICAL FLOW.

CRITICAL VELOCITY.~-Belanger's critical velocity is that condition in
apen channels for which the velocity head equals one~half the mean
depth; that is, the mean velocity = (gym)o- .

DAM.--A barrier to confine or raise water for storage, diversion, or
to create a hydraulic head.

DATUM. --Plane of reference for elevations.

DEBRIS.--Any material, including floating trash, suspended sediment,
or bed load, moved by a flowing ssream.

DEBRIS DAM.--A barrier built across a stream channel to store debris.
DISEH:XRC—’E.-:TIE quantity of water passing:s'secsion per unit of time.

DISCHARGE CURVE,--A rating curve showing the relation between stage
or elevation and discharge.

DIVERSION DAM.--A barrier built for the purpose of diverting part or
all the water from a stream into a different course.

DRAFT-TUBE. --An expending tube connecting the passages of a reaction
waterwheel with the tailwater.

DRAINAGE AREA.--The area of a drainage basin of catchment arxea. -

DROP.--A structure for dropping the water in a conduit to a lower level
and dissipating its surplus energy. A drop may be vertical or in-
clined; the latter is called a ""chate".

DRUM GATE.--A movable barrier in the form of a sector of a circle
hinged at the apex. The arc face effects a water-seal with the
edge of a recess into which the gate may be lowered. The gate is
raised and held up by the pressure of water admitted to the recess
from the headwater. It is lowered by closing the inlet port to the
recess and draining the water from it.

EARTH DAM.--A barrier composed of earth, clay, sand, or sand and gravel,
or a combination of earth and rock.
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EDDY LOSS.--The energy lost (converted into heat) by swirls, eddies,
and impact, as distinguished from friction loss.

END CONTRACTIONS.--The contraction in the area of overflowing water
caused by the ends of a weir notch or bridge piers.

ENERGY.=--The capacity to perform work: Kinetic energy is that due to
motion; and potential energy is that due to position. In a sfream
the total energy at any section is represented by the sum of its
potential and kinetic energies.

See also, ENERGY HEAD; ENERGY LINE; POTENTIAL ENERGY; KINETIC ENERGY.

ENERGY GRADIENT.--The slope of the energy line with reference to any
plane.

ENERGY HEAD.--The elevation of the hydraulic grade line at any section
plus the velocity head of the mean velocity of the water in that
section. The energy head may be referred to any datum, or to an
inclined plane, such as the bed of a conduit.

ENERGY LINE.--A line joining the elevations of the energy heads of a
stream. The energy line is above the hydraulic grade line a dis-
tance equivalent to the velocity heads at all sections along the
stream.

ENTRANCE HEAD. --The head required to cause flow into a conddit or
other structure; it includes both entrance loss and velocity head.

ENTRANCE LOSS.--The head lost in eddies and friction at the imlet to
a conduit or structure.

FISH LADDER.--A structure with pools and drops to facilitate the
migration of fish around dams or other obstructions in streams.

FLASH-BOARD. --A plank, usually of timber and generally set on edge and
held by supports on the crest of a dam or check structure, or in a
spillway, to control the water level.

See also, NEEDLE; STOP-LOG.

FLUME.--An open conduit on a prepared grade, trestle, or bridge. A
concrete-lined canal would still be a canal without the lining,
but the lining supported independently would be a flume.

FOREBAY.--A reservoir or pond at the head of a penstock, pipe line,
or pump station.

FREE-BOARD. --The distance between the normal operating level and the
top of the sides of an open conduit or crest of a dam, to prevent
overtopping the structure.
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FREE FLOW.--A condition of flow through or over a structure not affected
by submergence.

FRICTION HEAD.--The head or energy lost as the result of the distur-
bances set up by the contact between a moving stream of water and its
containing conduit.

FRICTION SLOPE.--The friction head or loss per unit length of conduit.
For most conditions of flow the friction slope coincides with the
energy gradient, but where a distinction is made between energy
losses due to bends, expansions, impacts, etc., a distinction must
also be made between the friction slope and the energy gradient.
Friction slope is equal to the bed or surface slope only for uniform
flow in iniform channels.

GAGE HEIGHT.--The elevation of a water surface above or below a datum
corresponding to the zero of the staff or other type of gage by
which the height is indicated.

GAGING STATION.--A selected section in a stream channel equipped with
a gege and facilities for measuring the flow of_water.

GALLERY.~- A passageway in a dam.

GRAVITY DAM.--A dam depending solely on its weight to resist the water
Load.

HEAD. --The height of water above any point or plane of reference.
Used also in various compounds, such as energy head, entrance
head, friction head, static head, pressure head, lost head, etc.

HEAD-WATER., --The water upstream from a structure.

HYDRAULIC-FILL DAM.--A dam composed of earth, sand, gravel, etc.,
sluiced into place; generally the fines are washed toward the
center for greater imperviousness.

HYDRAULIC FRICTION.--A flow-resisting force which is exerted on peri-
meter or contace surface between a stream and its containing
channel. It usually includes the fiormal eddies and cross-
currents attendant upon turbulent £low occasioned by the roughness
characteristic of the boundary surface, moderate curvature, and
normal channel variations.

HYDRAULIC GRADE LINE.--In a closed conduit a line joining the eleva-
tions to which water could stand in risers. In an open conduit,
the hydraulic grade line is the water surface.
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MEAN DEPTH.--Cross-sectional area of a stream divided by it £
HYDRAULIC JUMP.--The sudden and usually turbulent passage of water width. L y its surface

from low stage below critical depth to high stage above critical
depth d_uring which the velocity passes from super-critical to _ MEAN VSLOCITY.--(l) The velocity at a given section of a stream ob-
sub-critical. tained by dividing the discharge of the stream by the cross-sectional
area at that section; (2) Mean velocity may also apply to a reach of
HYDRAULIC RADIUS.--The right cross-sectional area of a stream of water a stream by dividing the discharge by the average area of the reach.
divided by the length of that part of its periphery in contact with |
its containing conduit; the ratio of area to wetted perimeter. MILITARY HYDROLOGY.--That branch of military engineering that includes
. . . all phases of hydrology and hydraulics relating to any aspect of
HYDROLOGY. -=The science treating of the waters of the earth, their runoff, streamflow and groundwater. It has an important direct
occurrence, distribution, movements, etc., often restricted to effect on military planning and operatioms, and includes artificial
underground waters in distinction to hydrography as relating to " floods caused by the destruction or manipulation of water control
surface water. structures.

_ MULTIPLE ARCH DAM.--A barrier consisting of a series of arches supported
IMPACT. --The striking together of two masses. When particles or . by buttresses or piers. The load is transferred by the several
streams of water suffer inpact, energy losses result. arches to the foundation through the buttresses.

IMPACT LOSS.-=The head lost as a result of the impact of particles of )
imeluded=in_and .scarcely=diatipguishable from eddy loss. NAPPE. --A sheet or curtain of water overflowing a weir, dam, etc. The
nappe has an upper and a lower surface.

INLET.--The upstream end of any structure through which water may flow. N
NEEDLE. --A timber set on end to close an opening for the control of
INTAKE. --The headworRs of a conduit; the place of diversion. - water; it may be either vertical or inclined.

INVERT.~-The floor, bottom, or lowest part of the internal cross NON-UNIFORM FLOW.--A flow the velocity of which is undergoing 2 positive
section of a conduit. o or negative acceleration. If the flow is constant it is referred to
as "steady non-uniform flow'.

~——  KINETIC ENERGY.--Energy due to motion. The kinetic energy of a given . NORMAL DEPTH.--The depth of water in an open conduit that corresponds
discharge is generally taken as proportional to the product of _ to uniform velocity for the given flow. It is a hypothetical depth
its weight per unit of time and the velocity head of its mean under conditions of steady non-uniform flow; the depth for which
velocity. For a constant discharge, kinetic energy may be repre- . the surface and bed are parallel.
sented by a line at a distance above a flowing water surface pro-
portional to the velocity head of its mean velocity. The elevation
of such a line above any datum represents the total energy (potential . OGEE. --The reversed curve of the face of an overflow dam.
plus kinetic) of the given discharge above that datum. Strictly,
———————the—kinetic energy of a given discharge is the integral of the ORIFICE.-~A hole or opening, usually in a plate, wall, or partition,
kinetic energies of its particles. _ - through which water flows, generally for the purpose of control or
measurement.

LAMINAR FLOW.--That type of flow in which each particle moves in a ER— OVER-FALL. --The part of a dam or weir over which the water pours.
direction parallel to every other particle, and in which the head
loss is approximately proportional to the first power of the vel-
ocity. It is sometimes designated "stream-line flow" or ''viscous _ - PARABOLIC WEIR.--A measuring weir whose notch is bounded on the sides
£low". by parabolas such that the flow is proportional to the head.

LATERAL-FLOW SPILLWAY.--A spillway in which the initial and final flow
are approximately at right angles to each other; a side-channel
spillway.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/25 : CIA-RDP81-01043R002300060004-2



ed in Part - Sanitized Copy Approved for Release

PARSHALL MEASURING FLUME.--A device or control flume to measure the
flow of water in open conduits. It consists essentially of a con-
tracting length, a throat, an expanding length. At the throat is
a sill over which the water is intended to flow at Belanger's
critical depth. The upper head is measured a definite distance
upstream and the lower head a definite distance downstream from
the sill. The lower head need not be observed except where the
sill is submerged more than about 67 percent.

PENSTOCK. -~A closed conduit for supplying water under pressure to a
waterwheel or turbine.

PIEZOMETER.-=-An instrument for measuring pressure head, usually con-
sisting of a small pipe tapped into the side of a closed or open
conduit and flush with the inside, connected with a pressure gage,
mercury, water column, or other device for indicating pressure head.

PITOT TUBE.--A device for observing the velocity head of flowing water,
consisting essentially of an orifice held to point upstream in flow-
ing water and connected with a tube by which the rise of water in
the tube above the water surface may be observed. It may be con-
structed with an upstream and a downstream orifice and two water
columns, the difference of water levels being an index of the
velocity head.

POTENTIAL ENERGY.--Energy due to position. The potential energy of a
given volume of immobile water with reference to any datum, is pro-
portional to the product of its weight and the elevation of the
center of gravity above that datum. The potential energy per unit
of time of a given discharge at any instant with reference to any
datum, is proportional to the product of its weight per unit of time
and the elevation of its hydraulic grade line above that datum, at
that instant.

PRESSURE. --Total load or force acting upon a surface; also appropri-
ately used to indicate intensity of pressure or force per unit area.

PRESSURE HEAD.--The head on any point in a conduit represented by the
height of the hydraulic grade line above that point.

RADIAL GATE.--A pivoted gate whose face is usually a circular arc with
center of curvature at the pivot; a tainter gate.

RATING CURVE.--A graphic representation of a rating; a calibration.

REACH.--A comparatively short length of a stream or channel.

RIGHT BANK OF STREAM.--The right-hand bank when the observer is
looking downstream.
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ROCK~FILL DAM.--A dam composed of loose rock usually dumped in place;
often with the upstream part constructed of hand-placed, or derrick-
placed, rock and faced with rolled earth or with an impervious sur-
face of concrete, timber, or steel.

ROLLER GATE.-=A hollow cylindrical gate with spur gears at each end
meshing with an inclined rack anchored to a recess in the end pier
or wall., It is raised or lowered by being rolled on the rack. It

may close at a greater depth than its diameter by means of a shield
or apron attached to the cylinder.

SCOURING SLUICE.--An opening in a dam controlled by a gate through
which the accumulated silt, sand, and gravel may be ejected.

SECTOR GATE.--~A roller type of gate in which the roller is a sector
of a circle instead of a .complete cylinder.

SEQUENT DEPTHS.--The depths before and after the hydraulic jump. The
depth after the hydraulic jump is less than the alternate depth
because of the loss of energy in the jump.

SHARP-CRESTED" WEIR.--A measuring weir with its crest at the upstream
edge or corner of a relatively thin plate, generally of metal.

SHOOTING FLOW.
See SUPER-CRITICAL FLOW.

SIDE-CHANNEL SPILLWAY.
See LATERAL-FLOW SPILLWAY.

SIDE SLOPES.-~-The slope of the sides of a canal, dam, or embankment;
custom has sanctioned the naming of the horizontal distance first

as 1.5 to 1.

SIPHON.--A closed conduit, a part of which rises above the hydraulic
grade line,

SLUICE.--An opening in a structure for passing water at high velocities
for wastage.

SPECIFIC ENERGY,--The energy of a stream referred to its bed; namely,
depth plus velocity head of mean velocity.

SPILLWAY.--A passage for spilling surplus water; a wasteway.
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STAGE. -~The elevation of a water surface above its minimum; also above
or below an established "low-water" plane; hence, above or below
any datum of reference; gate height,

STATIC HEAD.--The total head without deduction for velocity head or
losses; for example, the difference in elevation of headwater and
tailwater of a power plant.

STEADY FLOW.--A constant flow; that is, the same volume in equal units
of time.

STILLING BASIN.--A transition structure wherein the partial kinetic

percritical flow is converted into turbulent energy

and heat by the hydraulic Jjump, and the flow is discharged down-
stream in a tranquil or subcritical state,

STILLING WELL.--A pipe, chamber, or compartment with closed sides and
bottom except for a comparatively small inlet or inlets communi -
cating with a main body of water. Its purpose is to dampen waves
or surges while permitting the water-level within the well to rise
and fall with the major fluctuations of the main body.

STOP-LOG.--A log, plank, cut timber, steel or concrete beam fitting
into end guides between walls or piers to close an opening to the
passage of water; usually handled one at a time.

STREAMING FLOW.
See SUB-CRITICAL FLOW.

SUB-CRITAL FLOW.--Turbulent flow with a mean velocity less than
Belanger's critical velocity.

SUBMERGENCE. --The ratio of the tailwater elevation to the headwater
elevation, when both are higher than the crest, the overflow crest
of the structure being the datum of reference.

SUPER-VRITICAL FLOW.--Turbulent flow with a mean velocity equal to or
greater than Belanger's critical velocity.

SUPPRESSED WEIR.--A measuring weir notch whose sides are flush with
the channel, thus eliminating (suppressing) end contractions of
the overflowing water. A weir may be suppressed on one end, two
ends, bottom, or any combination of them.

SURFACE CURVE.--(1l) The longitudinal profile assumed by the surface of
a stream of water flowing in an open conduit; (2) The hydraulic
grade line.
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SURFACE SLOPE.--The inclination of the water surface expressed as
change of elevation per unit of slope length.

TAIL-RACE. --A channel conducting water away from a water wheel;
an after-bay.
TAILWATER.--The water just downstream from a structure.
TAINTER GATE,
See RADIAL GATE.
THALWEG. --A line following the lowert points of a channel.

TRANSITION.-~A short conduit uniting two others having different
hydraulic elements.

TRAPEZOIDAL WEIR.--A contracted measuring weir with a trapezoidal
notch,

TRASH RACK --A grid or screen across a stream designed to catch
floating debris.

TRIANGULAR WEIR.--A contracted measuring weir notch with sides that
form an angle with apex downward; the crest is the apex of the
angle; a V-notch weir.

TURBULENCE. --A state of flow wherein the water is agitated by cross-

currents and eddies; opposed to a condition of flow that is quiet
or quiescent.

UNIFORM FLOW.--A constant flow or discharge, the mean velocity of
which is also constant.

V-NOTCH WEIR.
See TRIANGULAR WEIR.

VELOCITY HEAD.--The distance a body must fall zreely under the force
of gravity to acquire the velocity it possesses.

See also, KINETIC ENERGY.

VELOCITY OF APPROACH.--The mean velocity in the conduit immediately
upstream from a structure.
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VENA CONTRACTA. --The most contracted sectional area of a stream, jet,
or nappe beyond the plane of the orifice, or notch, through which
it issues.

VENTURI METER.--A proprietary measuring device, consisting essentially
of a Venturi tube and a special form of flow-registering device.

VENTURI TUBE.--A closed conduit which is gradually contracted to a
throat causing a reduction of pressure head by which the velocity

through the throat may be determined. The contraction is generally

followed, but not necessarily so, by gradual enlargement to
original size. Piezometers connected to the pipe above the con-
tracting section and at the throat indicate the drop in the
pressure head which is an index of flow.

VERTICAL-VELOCITY CURVE.--A graph of the relation between depth and
velocity along a vertical line in a stream, as determined by a set
of observations.

WATER-HAMMER. --The phenomena of oscillations in the pressure of water
in a closed conduit, resulting from checking the flow. .

WEIR.--A dam across a stream for diverting or for measuring the flaw.

WETTED PERIMETER.--The length of the wetted contace between a stream
of water and its containing conduit, measured along a plane at
right angles to the direction of flow; that part of the periphery
of the cross-sectional area of a stream in contact with its con-

tainer.

WICKET-DAM. --A movable barrier made of wickets, or shutters, revolving

about a central axis.
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APPENDIX C
ASSOCIATED MILITARY HYDROLOGY PUBLICATIONS

Applications of Hydrology in Military Planning and
Operations

River Characteristics and Flow Analyses for Military
Purposes

Stream-Gaging Methods and Equipment for Military
Purposes

Transmission of Hydrologic Data for Military Purposes

Can:l-Indexing and Filing of Information Pertinent to
Military Hydrology

Directory to European Sources of Information on
Military Hydrology

Glossary of Terms Pertinent to Military Hydrology

Selected References on Military Hydrology

Flow Through a Breached Dam

Artificial Flood Waves

Regulation of Stream Flow for Military Purposes

Handbook of Hydraulics




